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CHAPTER 1
General Introduction
Part of this chapter is adapted from: P. Turunen, A. E. Rowan and K. Blank, “Single–
enzyme kinetics with ﬂuorogenic substrates: lessons learnt and future directions“, FEBS Lett.
2014, 588, 3553–3563.
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2 General Introduction
Enzymes are dynamic molecules with the ability of catalyzing biochemical re-
actions with high rate accelerations and speciﬁcity. The origin of this dynamic
nature is a multidimensional energy landscape that does not only deﬁne the 3D
structure but also the catalytic function as well as regulation processes. Over
the past few decades single-molecule techniques, especially single-molecule ﬂuo-
rescence spectroscopy (SMFS) and microscopy, have evolved into powerful tools
for studying enzymatic reactions. Advances in measurement technology and the
development of ﬂuorescence-based reporter systems1–4 have improved the sensi-
tivity and the time resolution to an extent such that dynamic processes during
the catalytic reaction can be monitored in real-time, directly giving access to the
sequence of events. Temporal ﬂuctuations of enzyme behavior as well as hetero-
geneities between diﬀerent enzymes in the population can be determined directly
in single-molecule experiments. This information is inaccessible in ensemble mea-
surements.
Conformational changes can, for example, be monitored utilizing Fo¨rster Res-
onance Energy Transfer (FRET). FRET is a sensitive spectroscopic ruler that
reports on the distance between two ﬂuorophores in close proximity. The energy
transfer eﬃciency is a direct readout of the ﬂuorophore distance and allows for
detecting distance changes in the range of several nanometers.5–12 At the single-
molecule level (smFRET), when the donor and acceptor ﬂuorophores are attached
to speciﬁc positions on an enzyme, the energy transfer eﬃciency (EFRET) provides
a direct readout of conformational changes. Ha et al.5 were the ﬁrst to utilize this
principle for monitoring the conformational dynamics of staphylococcal nuclease.
Fluctuations in EFRET occurred on the millisecond to second timescale, which is
characteristic for functionally relevant conformational changes. The strength of
this detection scheme is at the same time one of its biggest weaknesses. In or-
der to obtain meaningful information about conformational motions, the locations
of the donor and acceptor ﬂuorophores need to be known exactly. This requires
prior knowledge of the enzyme structure and an advanced speciﬁc labeling proce-
dure.13–15
smFRET can also be used for following reaction substeps and intermediate
states of enzymes containing an optically active cofactor such as in many oxi-
doreductases. The enzymatic turnover cycle can be observed directly when the
cofactor cycles between an oxidized and a reduced state with diﬀerent spectral
properties.16–21 A cofactor that absorbs light in only one of its oxidation states
can be used as a FRET acceptor. Labeling the enzyme with a donor ﬂuorophore
in close proximity to the cofactor will consequently lead to changes in the donor
ﬂuorescence intensity as a function of the cofactor oxidation state. FRET labeling
is not required when the cofactor itself is ﬂuorescent in its oxidized state.16–18 In
this case the redox cycling of the cofactor can be followed directly.
One of the most intriguing discoveries of single-molecule enzymology has been
the observation of temporal ﬂuctuations in the activity of enzymes, a phenomenon
named dynamic disorder.16,22–25 These temporal ﬂuctuations in the rate-limiting
step have been the basis for the “ﬂuctuating enzyme model” that was developed
to explain these observations.23 This model relates ﬂuctuating rate constants with
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1.1 Single-turnover detection 3
conformational changes, assuming that each conformation has its own speciﬁc ac-
tivity. A reliable identiﬁcation of dynamic disorder requires the detection of a
large number of individual enzymatic turnovers. Suﬃcient statistics is required to
accurately detect the underlying dynamic processes that may span a large range
of timescales. The acquisition of the required data is only possible with a suit-
able reporter system that allows for long measurement times. The reporter sys-
tems mentioned above each possess certain technical limitations preventing such
long measurement times and, consequently, the accurate analysis of dynamic het-
erogeneities in the catalytic activity. smFRET does only provide information
about conformational changes but does not directly detect enzymatic turnovers.
Cofactor-based detection schemes are naturally limited to enzymes containing an
optically active cofactor. For both detection schemes the measurement is based
on following the same ﬂuorophore over the time course of the experiment. The
measurement is consequently terminated by photobleaching of the ﬂuorophore,
limiting the data acquisition time for one single enzyme to only a few seconds.
Fluorogenic substrates, which are converted by the enzyme into ﬂuorescent
product molecules, are in principle the only reporter systems that permit suﬃ-
ciently long measurements. Fluorogenic substrates are the ideal system for study-
ing enzyme kinetics as a new ﬂuorophore is produced during every enzymatic
turnover.22–24,26–31 This chapter gives an overview of the current state of single-
enzyme experiments focusing on ﬂuorogenic substrates as reporter systems. First,
the basic technological requirements and the experimental setup are described. In
the following, three diﬀerent model systems Candida antarctica lipase B, Ther-
momyces lanuginosus lipase and α-chymotrypsin are reviewed. These examples
do not only highlight the unique information that can be obtained, but also point
out current bottlenecks in single-molecule experiments.
1.1 Single-turnover detection
The ideal single-turnover measurement requires the direct observation of every
enzymatic turnover with a signal-to-noise ratio (SNR) high enough for an accu-
rate data interpretation (Figure 1.1). Fluorogenic substrates provide this direct
readout of individual enzymatic turnovers. They consist of a ﬂuorophore linked
to a functional group that is recognized by the enzyme. This functional group
alters the photochemistry of the ﬂuorophore making it non-emissive. After enzy-
matic cleavage of the functional group, the ﬂuorophore recovers its ﬂuorescence.
The choice of ﬂuorophore is critical, because its brightness directly determines the
SNR. In the ideal case, a ﬂuorophore should have an high extinction coeﬃcient
and a high quantum yield. In addition, the ﬂuorescence emission spectrum should
be clearly distinguished from the excitation spectrum to allow suﬃcient optical
separation.
To be able to follow the sequence of turnovers, the enzyme needs to be im-
mobilized on the surface of a glass coverslip. The enzyme itself also needs to be
ﬂuorescently labeled so that every individual enzyme can be located on the sur-
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4 General Introduction
Figure 1.1. Single-turnover detection with ﬂuorogenic substrates. a) The laser of
a confocal microscope (CFM) is focused onto the position of an immobilized enzyme
on a glass coverslip. Every ﬂuorophore produced by the enzyme is recorded in real-
time with single-photon sensitivity yielding the arrival time (“macro-time”) of every
individual photon. Threshold analysis b) or change point analysis c) are used to
assign the ON- and OFF-times to the photon arrival time trace.
face. Upon the addition of substrate, the ﬂuorescence signal at the position of
one enzyme is recorded. Enzyme activity results in the formation of ﬂuorescent
product molecules at this speciﬁc position on the surface. Using a confocal ﬂuo-
rescence microscope (CFM), every product molecule is detected as a ﬂuorescence
burst above the background noise. The product ﬂuorophore is detectable only for
a short time window after it has been created by the enzyme. It quickly exits the
detection volume by diﬀusion. As every turnover yields a new ﬂuorophore, the
measurement time is not limited by photobleaching of the ﬂuorophore but by the
accumulation of ﬂuorescent product molecules, which results in a reduced SNR.
The stability of the substrate is also an important parameter as autohydrolysis
contributes to product accumulation.
1.1.1 Measurement setup
The measurement setup for single-turnover experiments needs to meet a number
of requirements. The setup does not only have to be sensitive enough to detect
every single product molecule, but also needs to have a high temporal resolution.
These criteria are fulﬁlled by a ﬂuorescence microscope with confocal optics and
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1.1 Single-turnover detection 5
single photon avalanche diode (SPAD) detectors.1–4 In a typical CFM that is opti-
mized for single-turnover measurements, a collimated laser beam is focused into a
diﬀraction-limited spot using a microscope objective with a high magniﬁcation and
a high numerical aperture. In the most commonly used epi-ﬂuorescence conﬁgu-
ration, ﬂuorescence emission from the sample is collected with the same objective,
spectrally separated from the excitation light with optical ﬁlters and guided to
the detector(s). Before reaching the detector, the emitted light is focused through
a small pinhole. Consequently, only ﬂuorescence originating from the small focal
volume is collected, limiting the size of the detection volume to approximately
1 ﬂ. This small detection volume facilitates the required SNR for detecting in-
dividual ﬂuorophores. The SPAD detectors provide single photon sensitivity and
the required time resolution.
Using the setup described above, the absolute photon arrival time (“macro-
time”) is recorded, which gives the ﬂuorescence intensity (photons/time) of every
individual product ﬂuorophore. Extra information about the catalytic process can
be obtained when the ﬂuorescence lifetime is determined simultaneously in a so-
called time-resolved measurement.30,32,33 For these measurements the generated
ﬂuorophore is excited periodically with a picosecond-pulsed laser. The emitted
photons are collected using a time-correlated single-photon counting (TCSPC)34,35
detection scheme. When using TCSPC, the arrival time relative to the last laser
pulse (the “micro-time”) is recorded for each photon. Once a suﬃcient number of
micro-times have been collected, the corresponding micro-time histogram allows
for determining the lifetime of the ﬂuorophore. The time resolution of modern,
fast detectors and photon counting electronics is in the picosecond range, yielding
lifetimes with high accuracy.
1.1.2 Data analysis
The data analysis procedure for extracting kinetic information starts with the
recorded macro-time trace. The ﬁrst and most important goal is to obtain a
binary ON-OFF trace (ON-OFF assignment). This binary trace is the basis for
the further kinetic analysis of the system. In this binary trace, the time intervals
characterized by high photon count rates (ON) represent the enzymatic turnovers,
while the low-intensity intervals between turnovers represent the background noise
(OFF). The Poisson nature of single-photon detection and the background noise
consisting of product diﬀusion and inelastic scattering add challenges to the ON-
OFF assignment.
Two principally diﬀerent approaches are available for the ON-OFF assignment.
The most commonly used approach is the so-called binning and threshold method
(Fig 1.1b). When using this method, the macro-time trace is ﬁrst binned to obtain
an intensity time trace. Next, a threshold is applied to separate the ON- and OFF-
states based on their intensities. No standardized methods exist for this step. Most
commonly, the intensity distributions of the background and the ﬂuorophore signal
are ﬁtted with a suitable model. The threshold is then set at that intensity level
where the two ﬁts intersect. An alternative and more recently developed method
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6 General Introduction
is change point analysis.29,36–38 Change point analysis is a statistical method for
identifying changes in the photon count rate directly from the macro-time trace
(Fig 1.1c). Change point analysis does not require binning. Instead, the photon
statistics before and after each photon is compared using a statistical hypothesis
test. This test is performed along the complete time trace and evaluates the log-
likelihood ratio of the probability for each photon to be an intensity change point.
The photon with the highest probability is assigned to be a change point. The
time trace is then cut into two fragments at the change point photon and the
algorithm is subsequently used for both fragments of the time trace. The process
is repeated recursively until no intensity change points are found in the time trace.
Once the ON-OFF binary trace has been obtained, multiple strategies are
possible to extract the desired kinetic information.3,23,29,39–41 The kinetic con-
stants can be determined by ﬁtting the histogram of the OFF-time probability
distribution function (PDF) Poﬀ (t) with a model describing the kinetic process.
Frequently, only the OFF-times (i.e. the times between two enzymatic turnovers)
are considered, as the ON-times are usually smaller than the bin size. In the case
of a reaction with a single rate constant, the OFF-time histogram follows a mono-
exponential decay (straight line in a log-linear plot). In the case of a dynamic
enzyme with multiple active states, the contributions from multiple reaction rates
result in a multi-exponential decay proﬁle. For most experimental data obtained
so far OFF-time histograms with a concave shape have been obtained.16,22–25,27
It was found that these histograms were ﬁtted best with a stretched exponential
function42
Poﬀ (t) = e
−
(
t/τ
)α
(1.1)
where τ is the time constant and α is a so-called stretch parameter (α = 1 in
the case of a mono-exponential decay). This stretched exponential is considered
to describe an enzymatic reaction that exhibits a distribution of rate constants
(dynamic disorder). Instead of using the OFF-time distribution, also the autocor-
relation function of the OFF-times can be used to extract information about the
underlying kinetics. More complex kinetic behavior, such as dynamic disorder,
leads to correlations between consecutive OFF-times indicating that OFF-times
of similar length are more likely to directly follow each other. In the following
sections, three examples of single-enzyme studies are reviewed in more detail.
1.2 Lipase B from Candida antarctica
Lipase B from Candida antarctica (CalB) is a robust 33 kDa enzyme which cat-
alyzes the hydrolysis of ester bonds using a similar reaction mechanism as serine
proteases.43 CalB is an important catalyst in many industrial applications be-
cause of its high thermal stability, low substrate speciﬁcity, and stability in or-
ganic solvents.44–46 Unlike many other lipases, however, CalB does not seem to
be interfacially activated.45,47–50 The factors regulating its activity are still not
fully understood. The general robustness of the enzyme and the availability of
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1.2 Lipase B from Candida antarctica 7
ﬂuorogenic substrates have made CalB an interesting model enzyme for studying
the catalytic behavior of individual enzymes.
Velonia et al.22,23 have studied the kinetics of single CalB molecules convert-
ing the ﬂuorogenic substrate 2 ,7 -bis-(2-carboxyethyl)-5(or-6-)carboxyﬂuorescein
acetoxymethyl ester (BCECF-AM) into the ﬂuorescent product BCECF acid (Fig-
ure 1.2). Various commonly used immobilization techniques were tested in this
experiment. Physical adsorption onto a hydrophobic glass coverslip functionalized
with dichloro dimethylsilane was the only method that yielded active enzymes.
Other protein immobilization techniques, such as entrappment in agarose or poly-
acrylamide gels or immobilisation on hydrophilic surfaces, led to inactivation of
the enzyme.
Figure 1.2. Experimental design for measuring the activity of CalB at the single-
molecule level using the ﬂuorogenic substrate 2 ,7 -bis-(2-carboxyethyl)-5(or-6-)car-
boxyﬂuorescein acetoxymethyl ester (BCECF-AM). CalB was immobilized on a hy-
drophobic glass surface functionalized with dichloro dimethylsilane.
To detect CalB molecules by CFM, the enzyme was labeled with the ﬂuo-
rophore Alexa Fluor 488. The enzyme concentration was adjusted to be such that
the spacing between individual enzymes on the surface was at least 3× the optical
resolution. Prior to the activity measurement, the location of these enzymes was
determined by scanning the area with the CFM. The laser focus was then posi-
tioned on one enzyme, resulting in photobleaching of the attached ﬂuorophore. A
solution of the substrate BCECF-AM was added to start the activity measurement
and ﬂuorescence emission was monitored over time. This approach, illustrating the
advantage of ﬂuorogenic substrates, allowed for measuring single CalB activity for
a very long time, even up to 6 hours. Control experiments were perfomed where
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8 General Introduction
only the enzyme or the substrate was present in the sample. These measurements
conﬁrmed that the observed intensity peaks were originating from the enzymatic
reaction.
The long measurement time yielded a high number of turnovers and facilitated
a detailed statistical analysis. The ON-OFF binary traces were obtained using
threshold analysis as follows:23 The recorded macro-time trace was binned with
a bin time of 1 ms and an intensity histogram was constructed from the result-
ing bins. Low intensities correspond to background noise and this part of the
histogram was ﬁtted with a Poisson distribution. The high intensity part corre-
sponding to enzymatic activity was ﬁtted with a mono-exponential decay. The
threshold level was then set at the intersection of these two ﬁtting functions. This
analysis assumes that the background intensity is constant. In a typical experi-
ment, however, the background increases over time as product molecules accumu-
late in the solution. To overcome this problem, the time trace was divided into 1 s
segments and the threshold was applied to these segments locally. The ﬁnal ON-
OFF binary trace was then obtained by merging all the locally treated segments
together. The OFF-times were extracted and used to obtain the corresponding
OFF-time histogram (Figure 1.3a).
The activity of a single CalB enzyme was measured at a range of diﬀerent
substrate concentrations ([S] = 0.2 – 1.4 μM). It was observed that the turnover
rate saturated at concentrations of [S] = 0.6 – 1.4 μM. For these concentrations,
the OFF-time histogram revealed a concave shape. These histograms could only
be ﬁtted with the previously mentioned stretched exponential function (Eq. 1.1)
using the same values for α and τ . This result suggests a distribution of reaction
rates and the existence of dynamic disorder for CalB. It was observed that CalB
was eﬀectively active only 3 % of the measurement time. A model explaining
this observation and the underlying kinetic scheme was proposed. This so-called
“ﬂuctuating enzyme model” assumes a distribution of reaction rates and proposes
that the enzyme moves through diﬀerent conformational states, each having its
own speciﬁc activity (Figure 1.3b). For CalB, only a small number of conforma-
tional states show high activity while the majority of the conformations are almost
inactive.
This study illustrates the proof-of-principle of single-enzyme experiments with
ﬂuorogenic substrates and shows the bottlenecks of the current experimental de-
sign. BCECF-AM is clearly not the ideal substrate. BCECF-AM is a double-
substituted substrate, which requires two enzymatic cleavage steps to form the
ﬂuorescent product BCECF acid. The reaction proceeds via a mono-substituted
intermediate that is considered to show very little ﬂuorescence.51 It is consequently
not clear if the reaction step where the substrate is converted into the intermedi-
ate can be detected in a single turnover experiment. The substrate further carries
additional ester bonds, which can be cleaved by the enzyme. These bonds do
not aﬀect the ﬂuorescence properties of the molecule. The presence of “invisible
reactions” complicates the kinetic analysis as a large fraction of turnovers cannot
be detected. Another limitation of BCECF-AM is its poor solubility in aqueous
solution that limits the usable range of substrate concentrations. It can be argued
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Figure 1.3. Single turnover experiment of CalB using the substrate BCECF-AM.
a) Log-linear plot of the OFF-time PDF of CalB measured at [S] = 1.4 μM. The
PDF shows a concave shape indicating multi-exponential kinetics. b) Schematic
representation of the “ﬂuctuating enzyme model”. The model describes a possible
kinetic scheme that is able to explain the observed multi-exponential kinetics.
whether the solubility limit of the substrate or indeed saturation kinetics follow-
ing the Michaelis-Menten model is responsible for the observed saturation in the
turnover rate.
Also the enzyme immobilization method has its drawbacks. Physical adsorp-
tion was the only method that yielded active CalB molecules on the surface. Con-
sidering that CalB naturally binds to hydrophobic interfaces one may argue that it
does so in a speciﬁc conformation and orientation, but the immobilization method
does not provide any control over these parameters. This lack of control can lead to
heterogeneities in the catalytic behavior between diﬀerent enzymes, complicating
the kinetic analysis. This is, however, not an issue in the study described above.
All substrate concentrations were tested with one and the same enzyme. These
limitations are partially addressed in the single-enzyme studies of the lipase from
Thermomyces lanuginosus (TLL) described in the following section.
Overall, new insight to the catalytic mechanism of CalB have been obtained,
despite the described experimental limitations. The hypothesis that CalB exists
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in an equilibrium between active and inactive conformations opens up interesting
questions about the possible factors which may regulate CalB activity. The hy-
drophobicity of the interface might be one possible factor. Interfacial activation
of CalB on hydrophobic interfaces is systematically investigated in this thesis in
chapters 2 and 3.
1.3 Lipase from Thermomyces lanuginosus
Another industrial biocatalyst that is suitable for single-molecule experiments is
the lipase from Thermomyces lanuginosus (TLL). In contrast to CalB, TLL was
shown to be interfacially activated using various conditions.52,53 In a ﬁrst se-
ries of experiments by Hatzakis et al.25 the goal was to extend the scope of the
studies to other lipases and to improve the experimental design. The ﬁrst clear
improvement was the use of the ﬂuorogenic substrate 5(6)-carboxyﬂuorescein di-
acetate (5(6)-CFDA) instead of BCECF-AM (Figure 1.4). Also 5(6)-CFDA is a
double-substituted substrate. It is hydrolyzed into the highly ﬂuorescent product
5(6)-carboxyﬂuorescein in a two-step reaction. It does not carry any additional
ester bonds, however, so that the number of “invisible reactions” is signiﬁcantly
reduced.
For the TLL experiments, close attention was given to the enzyme immobiliza-
tion technique. In contrast to CalB, adsorption to a hydrophobic surface lead to a
total inactivation of TLL. Clearly these two lipases require diﬀerent environments
to show activity. To overcome this problem, a novel site-speciﬁc immobilization
method was developed for TLL. The method uses bovine serum albumin (BSA)
as a so-called protein foot (Figure 1.4). BSA is a well-known surface coating agent
as it adsorbs strongly to hydrophobic and hydrophilic surfaces. Making use of
these properties, a TLL-BSA conjugate was prepared. It was expected that such
a conjugate would bind to the surface via the BSA part, providing a homogeneous
enzyme orientation (Figure 1.4). Importantly, BSA was further functionalized
with Alexa Fluor 488. In this way the conjugate could be visualized using CFM
without labeling the enzyme itself, which might alter its catalytic properties.
In the single-molecule experiments, the protein conjugate was deposited on a
hydrophobic coverslip and the enzymes were located on the surface. After adding
a solution of 10 μM 5(6)-CFDA, the laser was focused on a single TLL-BSA en-
zyme conjugate and an activity time trace was recorded. After photobleaching of
the label ﬂuorophore, high intensity peaks started to appear as a result of enzy-
matic turnovers. Using 5(6)-CFDA, it was possible to use a 10× higher substrate
concentration when compared to earlier CalB experiments with BCEFC-AM. The
time traces were analysed using the binning and thresholding method. It was
found that all TLL enzymes were active when immobilized using the TLL-BSA
conjugate.
For a more detailed kinetic analysis, possible correlations between the OFF-
times of consecutive turnovers were determined. These 2D correlation histograms
constructed from OFF-time pairs separated by n OFF-times are shown in Figure
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Figure 1.4. Experimental design for measuring the activity of a TLL-BSA
conjugate at the single-molecule level using the ﬂuorogenic substrate 5-(and-6)-
carboxyﬂuorescein diacetate (5(6)-CFDA). The conjugate was immobilized on the
hydrophobic surface via a BSA “protein foot”. This strategy allowed for a deﬁned
TLL orientation, preventing contact of TLL with the surface. TLL was genetically
modiﬁed to carry only one free surface accessible lysine (Lys46). The lysine was
acetylene functionalized by reacting it with 4-pentynoic acid. A free cysteine in
BSA (Cys34) was azide functionalized by using 3-azidopropyl-1-maleimide. Finally
TLL and BSA were coupled using the well-known Cu(I)-catalyzed [3 + 2] Huisgen
cycloaddition reaction.
1.5. For adjacent OFF-times (n = 1) a clear diagonal pattern is visible, show-
ing that short OFF-times are more likely followed by short OFF-times. Likewise
long OFF-times are more likely followed by long OFF-times. The correlations are
still visible for OFF-times separated by n = 15 OFF-times. After 100 turnovers
(n = 100) the correlations are lost. This so-called memory eﬀect was interpreted
as another indication for dynamic disorder and was in agreement with the ﬂuctu-
ating enzyme model (Figure 1.3b) proposed to explain the single-enzyme studies
of CalB.22,23 Also the 2D correlation plots suggest that the enzyme slowly moves
through diﬀerent conformations with diﬀerent activity. The correlations disappear
when the enzyme changes conformation.
Immobilization via the BSA protein foot proved to be critical for TLL. The
method ensured the proper orientation of the enzyme on the surface, maintain-
ing its activity. In a more recent study, a diﬀerent method was established that
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Figure 1.5. 2D correlation histogram p (tOFF,i, tOFF,i+n) of the OFF-times sepa-
rated by n OFF-times. For adjacent OFF-times (n = 1) a clear diagonal pattern
is observed indicating correlations between these OFF-times. The feature is still
present for n = 15. After 100 turnovers (n = 100) the correlations are lost. The
x,y-axes range from 2–300 ms (logarithmic). The intensity (Z-axis) represents the
respective counts from 0–350 (linear).
allowed for measuring TLL kinetics in a more natural environment.28 TLL was
bound to surface-immobilized liposomes thereby placing the enzyme close to a lipid
bilayer. In this way the enzyme can interact with the lipid membrane that serves
as a natural regulator of TLL activity. At ﬁrst, biotinylated and ﬂuorescently
labeled liposomes (DiD) were immobilized on a BSA passivated and streptavidin-
functionalized glass surface. Subsequently, biotinylated TLL was bound to Alexa
Fluor 488 labeled streptavidin and then added to the biotinylated liposomes. La-
beling the enzyme and the liposome with diﬀerent ﬂuorophores allowed for distin-
guishing liposomes that carried an enzyme from those without enzyme. To probe
the importance of enzyme accessibility to the bilayer, the liposomes were further
functionalized with varying amounts of poly(ethylene glycol) (PEG) chains, that
were considered to hinder the enzyme from having contact with the liposome sur-
face.
Single-molecule experiments were again performed using 5(6)-CFDA as a ﬂu-
orogenic substrate. Just as in the previous study, the ON-OFF assignment was
performed using the binning and thresholding method. TLL activity was clearly
dependent on the number of PEG chains and all OFF-time histograms revealed a
multi-exponential decay proﬁle. In contrast to previous experiments,22,23,25 how-
ever, the data could now be ﬁtted with a double-exponential model, suggesting the
presence of only two functional conformational states, active and inactive. The
membrane accessibility did not aﬀect the rate constants but merely shifted the
equilibrium between active/inactive states. Good membrane access consequently
increased the probability for the enzyme to reside in the active state. This sug-
gests that interfacial activation of TLL follows a so-called conformational selection
model. In this model the allosteric eﬀector stabilizes the open, active conforma-
tion(s), instead of inducing new conformations with high activity.
Overall, this series of TLL experiments provides new structural insight into
the regulation of TLL activity and again highlights the importance of the en-
zyme immobilization strategy. It also reveals discrepancies with earlier studies.
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The new model using only two functional states questions the multi-state model
with a continuous distribution of activity states (dynamic disorder) discussed ear-
lier.16,22–25,27 Clearly the accuracy of these experiments and the subsequent data
analysis needs closer attention. Especially, the double-substituted nature of the
substrates and the SNR of these experiments are critical parameters for the ac-
curate detection of enzymatic turnovers. In the following section these issues are
addressed in more detail.
1.4 α-chymotrypsin
α-Chymotrypsin is a well-studied digestive protease. Catalyzing the hydrolysis of
peptide bonds, its main function is the breakdown of proteins into amino acids. Its
activity is tightly regulated and highly pH-dependent.54,55 The enzyme exists in
a conformational equilibrium involving an active and an inactive conformation.55
The related conformational changes occur on a time scale from milliseconds to
seconds allowing the conformational dynamics to be detected in single-molecule
experiments. A detailed single-molecule study of α-chymotrypsin has been de-
scribed in a series of papers.29,30,56 The goal of this study was to systematically
investigate the performance and limitations of the techniques described above and
to improve the accuracy of these methods.
As stated earlier, double-substituted ﬂuorogenic substrates require two enzy-
matic cleavage steps before the fully ﬂuorescent product is obtained. In most cases,
also the intermediate shows ﬂuorescence in the same wavelength range, however,
with lower brightness. For the ﬂuorescein-based lipase substrates described above,
the intermediate is most likely not bright enough to be detected by CFM.46,57 A
detailed spectroscopic characterization is not possible because of the instability
of the ester bond in aqueous solutions (autohydrolysis) so that no information is
currently available about the fate of the intermediate in lipase-catalyzed reactions.
To overcome these limitations, a diﬀerent model system was chosen for in-
vestigating the two-step reaction in more detail. Structurally related protease
substrates, carrying an amide instead of an ester bond, show a signiﬁcantly higher
stability against autohydrolysis and mono-substituted substrates are reported in
the literature.56,58–60 For the α-chymotrypsin experiments described here the ﬂu-
orogenic substrate was based on the commonly used ﬂuorophore Rhodamine 110
(Rh110; Figure 1.6). The substrate carried two short peptides coupled to the
two amine groups of the ﬂuorophore to yield the ﬂuorogenic substrate (succinyl-
AlaAlaProPhe)2-Rhodamine 110 (sAAPF2-Rh110; Figure 1.6). The peptide se-
quence was chosen to match the amino acid preference of α-chymotrypsin.
In addition to this commonly used double-substituted substrate also the mono-
substituted intermediate sAAPF-Rh110 was synthesized and photophysically char-
acterized.56 The goal of the ﬁrst experiment was to determine if the intermediate
is bright enough for confocal detection. Interestingly, the intermediate was found
to be not only bright enough (∼11 % of the brightness of Rh110) but also to have
a diﬀerent ﬂuorescence lifetime (τ = 2.8 ns) than the product (τ = 4.0 ns) (Figure
1.6).30,56
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Figure 1.6. Fluorescent reporter system used for measuring the activity of α-
chymotrypsin at the single-molecule level. The substrate is based on the ﬂuorophore
Rhodamine 110. It carries two peptide bonds that can be cleaved by α-chymotrypsin.
Both the ﬁnal product and the mono-substituted reaction intermediate are ﬂuores-
cent. Diﬀerences in the quantum yields Φ and the ﬂuorescence lifetimes τ allow for
a discrimination of these two ﬂuorescent molecules.
Making use of these diﬀerences in the ﬂuorescence lifetime, a so-called time-
resolved single-turnover measurement was performed with the goal of determining
the ﬂuorescence lifetime of every individual enzymatic turnover. Towards this
goal, the activity of single α-chymotrypsin molecules, immobilized in an agarose
gel, was measured using a CFM equipped with TCSPC. The measurement was
performed at a substrate concentration of [S] = 30 μM, a factor 4× higher than
the apparent KM value of the two-step reaction. A special focus was given to
the data-analysis method. The ON-OFF assignment was performed using change
point analysis and the ﬂuorescence lifetimes were determined for each individual
ON/OFF state from their corresponding micro-time histograms.
This lifetime analysis revealed values of τon = 2.7 ns for the ON-states and
τoff = 2.5 ns for the OFF-states, respectively. This result suggests that the back-
ground photons mostly originate from intermediate molecules diﬀusing through
the detection volume. More importantly, the enzymatic reaction yields only inter-
mediate and very little product molecules (Rh110). This result allows the system
to be treated as a reaction with 1:1 stoichiometry, which is ultimately required for
studying the kinetics of the conformational change and the possible presence of
dynamic disorder.
The ability of detecting the intermediate clearly simpliﬁed the kinetic analysis.
At the same time, however, it complicated the ON-OFF assignment, which pre-
cedes the kinetic analysis. The problem is the low brightness of the intermediate
(∼11 % of the brightness of Rh110) that causes a low SNR. In the case of the
described α-chymotrypsin experiments the SNR was only ∼2.5. At SNRs below 5
the intensity distributions of the ON- and OFF-states overlap, making an accurate
ON-OFF assignment almost impossible. For such low SNR cases, the accuracy of
the commonly used binning and thresholding method was systematically compared
with change point analysis.29 Both methods were tested using large sets of simu-
lated data with diﬀerent SNR and intensity levels. The comparison showed that
binning and thresholding generally overestimates the number of short OFF-times.
In contrast, the number of short OFF-times is underestimated when using change
Processed on: 10-11-2016
506322-L-bw-Turunen
1.4 α-chymotrypsin 15
point analysis. This problem is especially dominant when the photon count rate is
low (<4000 cps for background). As change point analysis is based on a statistical
analysis of the photon arrival time trace, its accuracy depends on the total photon
count rate. For both methods the calculated OFF-time histograms were well re-
produced when the SNR was high (SNR >5). When the SNR was low (SNR <3),
both methods failed to reproduce the predicted OFF-time histograms accurately.
Figure 1.7. Comparison of the threshold method with change point analysis. Shown
are experimental data obtained for an α-chymotrypsin catalyzed reaction. a) De-
pending on the data analysis method used, the OFF-time histograms show a diﬀer-
ent shape. b) When using the threshold method, correlations between subsequent
turnovers are observed in both the autocorrelation plot and in the 2D-correlograms
(n = 1; timescale 40 ms). No correlations are detected when using change point
analysis. Reprinted with permission from Terentyeva et al. (2012) ACS Nano, 6,
346–354.29 Copyright 2012 American Chemical Society.
For the experimental data with a SNR of 2.5 the diﬀerent methods gave diﬀer-
ent turnover rates (〈k〉 = 26.3 s−1 with the threshold method and 〈k〉 = 14.5 s−1
with change point analysis). In addition, they produced signiﬁcantly diﬀerent
OFF-time histograms and autocorrelation results (Figure 1.7). The largest dif-
ference in the OFF-histograms is observed in the short OFF-time region where
threshold analysis produces a larger number of short OFF-states (Figure 1.7a).
This over-representation of short OFF-times resulted in the typically observed
concave shape of the OFF-histogram that was ﬁtted with a stretched exponential
in previous research. The over-representation of short OFF-times also explains
the higher turnover rate determined with the threshold method.
More interesting is the appearance of correlations between consecutive short
OFF-times in the 2D-correlogram when the threshold method is used (Figure
1.7b). These correlations are absent in the case of change point analysis. These
results indicate that these correlations and a high number of short OFF-times are
artefacts originating from threshold analysis. The fact that change point analysis
does neither yield correlations between consecutive events nor stretched exponen-
tial OFF-time histograms questions the interpretation of previous single-enzyme
experiments where similar results were obtained.16,22–25 This systematic analysis
clearly highlights that a high SNR is required for a detailed kinetic analysis.
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Overall, the single-molecule experiments performed with α-chymotrypsin high-
light the current state-of-art and critically evaluate the bottlenecks of the exper-
imental design. Using the new substrate design, it became possible for the ﬁrst
time to detect the intermediate of the double-substituted substrate based on its
ﬂuorescence lifetime. This required the use of a TCSPC detection scheme and
clearly highlights the unique additional information that can be obtained from
this time-resolved measurement. The most crucial ﬁnding of the study is the ob-
servation of a data analysis artefact that emerges when low SNR data is analyzed
with threshold analysis. This clearly illustrates the importance of evaluating the
data quality before making any interpretations.
1.5 Summary
Single-enzyme experiments allow for studying the kinetics of enzymatic reactions
in real-time, giving access to possible temporal heterogeneities in the reaction rate.
The studies reviewed above, clearly demonstrate unique new insights that cannot
be obtained from ensemble measurements where, for example, high and low ac-
tivity periods are averaged out. Initial single-molecule studies with CalB22 and
TLL25 introduced the experimental state-of-the-art. The studies also illustrated
the importance of the enzyme immobilization method. There is not a single tech-
nique that works for all enzymes. These ﬁrst studies also concluded that both
enzymes exhibit dynamic disorder, suggesting that these enzymes ﬂuctuate be-
tween a range of diﬀerent conformations with diﬀerent catalytic activity. The
follow-up experiment of TLL28 is the ﬁrst study systematically investigating en-
zyme regulation at the single molecule level. This more recent TLL experiment,
as well as the α-chymotrypsin experiment,29 question the presence of dynamic
disorder. They highlight the diﬃculty of obtaining rate constants from OFF-time
histograms especially when the SNR of the data is low. Clearly a number of tech-
nological improvements are required to improve the accuracy of single turnover
detection.
1.6 Aim and outline of this thesis
Single enzyme studies have provided unique new information about enzyme kinet-
ics, however, signiﬁcant discrepancies remain that question the existence of dy-
namic disorder. The exhaustive analysis performed for α-chymotrypsin suggests
that the observed stretched exponential is a data analysis artefact. This artefact
can emerge when low SNR data is analysed with threshold analysis. Change point
analysis proved to be more accurate and is suggested as the primary method for
analyzing single-molecule ﬂuorescence data. Fluorogenic substrates have a number
of limitations that need to be addressed. The main problem is the presence of two
cleavable groups. In addition, the low brightness of the enzymatically produced
ﬂuorophore results in low SNRs in the measurement, which makes an accurate data
analysis diﬃcult, even with change point analysis. In some cases autohydrolysis
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adds further complications. It does not only reduce the SNR but further limits the
usable substrate concentration to values below the KM value of the enzyme, where
the catalytic rate is determined by substrate diﬀusion. In this context, new strate-
gies are needed to answer the question about the existence of dynamic disorder and
to develop single-molecule experiments into more standardized tools for studying
enzyme catalysis in more biologically relevant conditions. The aim of this thesis
is to improve and expand the possibilities of studying catalytic processes and to
technologically push single-enzyme experiments to the next level.
The initial single-molecule experiments with CalB by Velonia et al.22 left ques-
tions regarding the possible interfacial activation of CalB. The results hinted at the
possibility that the hydrophobicity of the surface might have a role in the regula-
tion of CalB activity. In Chapter 2, a combination of experiments and molecular
dynamics simulation is used for studying the interfacial activation of CalB on hy-
drophobic surfaces. In a series of experiments, CalB is immobilized on surfaces
with varying degrees of hydrophobicity. Ensemble activity measurements are per-
formed using chromogenic and ﬂuorogenic substrates of varying sizes. Molecular
dynamics simulations are performed to gain structural insight into the conforma-
tional states of CalB when interacting with surfaces of diﬀerent hydrophobicity
and binding to diﬀerent substrates.
Chapter 3 describes the corresponding single-molecule experiments. Based on
the results of chapter 2, the most interesting surfaces are chosen for immobilization
of CalB and activity is measured using the substrate ﬂuorescein dibutyrate. The
goal of this chapter is to gain insight into interfacial activation of CalB and to
answer the question about the possible existence of dynamic disorder. A strong
focus is given to an accurate data analysis.
In Chapter 4, potential solutions for improving single-molecule experiments
are reviewed, focusing on recent developments in substrate designs and nanopho-
tonic detection schemes. Advances in both ﬁelds are required to be able to perform
more accurate single-molecule measurements in more biologically relevant condi-
tions.
Chapter 5 describes the characterization of a series of FRET peptides. This
type of protease substrate can potentially improve the accuracy of single turnover
detection, as it possesses 1:1 stoichiometry. It may further allow for the discrimi-
nation between substrate and product molecules in a time-resolved measurement,
as the donor lifetime is diﬀerent in the presence (substrate) or absence (product) of
the acceptor. The ﬂuorescence properties including the FRET eﬃciencies of these
possible new substrates are characterized with a number of methods. Further,
the kinetic constants of the enzymatic reaction using thermolysin-like protease
of Bacillus stearothermophilus are determined and the applicability of these sub-
strates for single-enzyme experiments is discussed.
In Chapter 6 a new detection scheme based on zero-mode waveguide (ZMW)
nanostructures is introduced and characterized. When combined with a ﬂuores-
cence microscope, ZMWs provide a drastically reduced detection volume allowing
the use of much higher substrate concentrations while facilitating a high SNR. A
well characterized and stable enzyme, alkaline phosphatase is used as the model
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enzyme to demonstrate the potential of this new detection scheme. Towards this
goal, a procedure for surface functionalization and enzyme immobilization is de-
veloped and proof-of-principle activity measurements are performed and analyzed
with change point analysis.
Chapter 7 summarizes the results of this thesis and the current state of the
ﬁeld in general. Future directions and applications are critically discussed.
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CHAPTER 2
Interfacial activation of Candida antarctica lipase B:
combined evidence from experiment and
simulation
This chapter is adapted from: T. Zisis, P.L. Freddolino, P. Turunen, M.C. van Teeseling,
A. E. Rowan and K. Blank, “Interfacial Activation of Candida antarctica Lipase B: Combined
Evidence from Experiment and Simulation“, Biochemistry 2015, 54, 5969–5979. The project
was performed in collaboration with T. Zisis and P.L. Freddolino.
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2.1 Introduction
Candida antarctica lipase B (CalB),1,2 recently reclassiﬁed as Pseudozyma antar-
tica lipase B (PalB),3 is a commonly used industrial enzyme with a very broad
substrate speciﬁcity. It is highly active towards a broad range of esters, thiols
and amides, but less active towards large triglycerides.4 From a structural point
of view, CalB is a typical lipase. It is a member of the α/β-hydrolase fold family
with a Ser-Asp-His catalytic triad.1 It contains two mobile α-helices surrounding
the active site (α5 and α10) that contribute to the ability of the enzyme to ac-
commodate many diﬀerent substrates.5 Many experimental and simulation studies
have been performed to understand and tune the catalytic activity of CalB. In a
number of studies it has been shown that physical adsorption is a powerful method
to alter the stability, activity and even enantioselectivty of CalB.6–8 Early molec-
ular docking studies provided insight into the structural basis of CalB substrate
speciﬁcity including its enantioselectivity.2,9,10 The insight provided by these stud-
ies has allowed a detailed dissection of the thermodynamic contributions to the
chiral resolution for a variety of substrates.10 More importantly, it has enabled
the rational redesign of the CalB active site with the goal of altering its substrate
speciﬁcity.11–14
More recently, attention has turned from engineering the substrate binding site
to studying the overall dynamics of CalB with a special focus on the α5 and α10
helices that surround most of the active site. Lid swapping of the α5 helix with
lid domains of other lipases has revealed a crucial role of the α5 helix in substrate
speciﬁcity and enantioselectivity.5 Circular permutation experiments have shown
that the N- and C-termini can be relocated into the α10 helix with a dramatic eﬀect
on CalB activity.15,16 Also mechanical force has been shown to alter CalB activity
most likely by inducing structural changes around the α10 helix.17 In agreement
with these experimental observations, several molecular dynamics studies have
shown the important role of the α5 and α10 helices for CalB activity, highlighting
that these helices are the most mobile parts of the structure.5,18–20 In a particularly
elegant series of simulations, Pleiss and coworkers19 have shown that, upon coming
into close proximity of a hydrophobic phase, CalB is initially anchored in the
bilayer by burial of the α5 helix into the hydrophobic layer. Subsequently, the
enzyme reorients and binds to the interface, appropriately positioning its active
site. Independently, Skjøt and colleagues used a short (10 ns) molecular dynamics
simulation to illustrate the possibility that the α5 helix could act as a lid, observing
motion of α5 toward α10. These simulations highlight the crucial role of the α5
helix for establishing the interaction of CalB with hydrophobic interfaces, but do
not provide unambiguous proof that α5 has a lid-like function.5,21
Despite this huge progress in understanding and controlling the catalytic ac-
tivity of CalB, the presence of a lid structure is discussed controversially and clear
experimental evidence for interfacial activation of CalB is still lacking.19,21–24 The
results presented in this chapter show that CalB is an interfacially activated en-
zyme and that activation depends both on the hydrophobicity of the interface as
well as the overall size of the substrate. In a series of systematic experiments,
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CalB was immobilized on a number of supports with varying degrees of hydropho-
bicity via physical adsorption. Using these preparations of immobilized CalB,
bulk activity measurements using chromogenic and ﬂuorogenic substrates of dif-
ferent size were performed. To test for possible interfacial activation caused by the
hydrophobic surface, these measurements were performed in aqueous conditions
that normally favor the lid-closed conformation of typical lipases. Further, exten-
sive simulations were performed to gain structural insight into the conformational
states of CalB when interacting with surfaces of diﬀerent hydrophobicity and bind-
ing to diﬀerent substrates. Using a combination of atomistic-resolution simulation,
coarse-grained modeling, and docking calculations, a comprehensive energetic pic-
ture of the interplay between enzyme conformation, surface hydrophobicity, and
substrate speciﬁcity has been obtained.
2.2 Results
2.2.1 Experimental design
Recombinant CalB, expressed in E. coli 25,26 (see appendix for details), was incu-
bated with silanized glass beads of diﬀerent hydrophobicity (Figure 2.1). More pre-
cisely, the beads were modiﬁed with methyl- propyl- octyl- or octadecyl-terminated
silanes to produce well-deﬁned and highly packed hydrophobic self-assembled silane
monolayers (SAMs). A silane with a hydrophilic poly(ethylene glycol) chain was
used as a control. After physisorption of CalB to the silanized beads, CalB activity
was measured using the water-soluble chromogenic substrate para-nitrophenol bu-
tyrate (pNPB, 1) or one of the ﬂuorogenic substrates ﬂuorescein diacetate (FDA,
2) 5(6)-carboxyﬂuorescein diacetate (5(6)-CFDA, 3) and ﬂuorescein dibutyrate
(FDB, 4). For all these substrates, the enzymatic reaction yields a colored (1) or
ﬂuorescent (2–4) product that can easily be measured spectroscopically (Figure
2.1).
2.2.2 Surface preparation and characterization
The silanization protocol using trimethoxy silanes was ﬁrst tested on glass cov-
erslips to ensure that indeed monolayers were formed. Water contact angle mea-
surements of the resulting surfaces show a range between 49.7◦ for trimethoxy
methylsilane and 89.9◦ for trimethoxy octylsilane (Table 2.1 and appendix). The
contact angle increases with increasing alkyl chain length, clearly showing that the
surface hydrophobicity can be tuned by varying the length of the alkyl chain. AFM
measurements were used to obtain information about the thickness and the homo-
geneity of the silane layer. The layer thickness was determined to be 0.8 nm and
1.5 nm for the trimethoxy propylsilane and the trimethoxy octylsilane function-
alized glass coverslips, respectively (Figure 2.C.2 in the appendix). These values
correspond well to the theoretical thickness of 0.9 nm for a propyl-terminated and
of 1.6 nm for an octyl-terminated monolayer.
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Figure 2.1. Experimental design of non-covalently immobilized CalB on diﬀerent
SAM surfaces hydrolyzing diﬀerent ﬂuorogenic or chromophoric substrates. Sub-
strates: 5(6)-CFDA (R1 = CH3, R2 = COOH), FDA (R1 = CH3, R2 = H), FDB
(R1 = (CH2)2CH3, R2 = H), pNPB (R1 = (CH2)2CH3). Surfaces: PEG-terminated
SAM (R3 = (EG)21−24), Methyl-terminated SAM (R3 = CH3), Propyl-terminated
SAM (R3 = (CH2)2CH3), Octyl-terminated SAM (R3 = (CH2)7CH3), Octadecyl-
terminated SAM (R3 = (CH2)17CH3).
2.2.3 Enzyme immobilization
For the activity measurements CalB was immobilized on glass beads silanized
with exactly the same protocol as the glass coverslips. Before performing activity
measurements, the immobilization eﬃciency was tested ﬁrst. ATTO565-labelled
CalB was mixed with the glass beads and incubated for 30 min. Subsequently,
the beads were separated from the solution and the ﬂuorescence intensity of the
supernatant was determined. The remaining ﬂuorescence in the supernatant was
less than 6 % for all surfaces tested (Table 2.1). Also only very little enzymatic
activity was detected in the supernatant when adding the substrate FDB (see
appendix for details). Taken together, these results show that CalB binds very
strongly to all surfaces irrespective of their degree of hydrophobicity.
The beads containing immobilized CalB were subsequently used for an active-
site titration to determine the fraction of enzymes that remained catalytically
active after surface adsorption. When CalB reacts with the suicide inhibitor
methyl 4-methyl-umbelliferyl hexylphosphonate (ELSI-MF)27,28 the ﬂuorophore
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Table 2.1. Enzyme immobilization on surfaces of diﬀerent hydrophobicity
PEG methyl propyl octyl octadecyl
contact angle (deg) 37.1± 0.6 49.7± 0.8 64.2± 1.1 89.9± 1.0 n.d.
immobilized (%) 94.3± 0.3 96.2± 0.6 95.6± 0.7 97.0± 0.6 96.3± 0.6
active (%) 54.2± 7.8 62.3± 12.2 68.0± 14.1 69.5± 9.3 59.7± 11.5
n.d. – not determined
7-hydroxy-4-methylcoumarin is released in a stoichiometric amount. Consequently,
the concentration of 7-hydroxy-4-methylcoumarin corresponds directly to the con-
centration of active CalB. A comparison of the activity of the immobilized CalB
samples with a sample of non-immobilized CalB shows that 60 – 70 % of en-
zymes retain their activity upon immobilization to an alkyl-terminated surface
(Table 2.1). The lowest fraction of active enzymes (54 %) was detected on the
PEGylated surface. Even though the diﬀerence between the surfaces is small, a
trend can be observed. The fraction of active enzymes increases with increasing
hydrophobicity before it decreases again. The highest fraction of active enzymes
was detected on the octyl-terminated surface. This result suggests that there is
an optimum hydrophobicity of the immobilization support: at low hydrophobicity
the enzyme might not adsorb in the active, lid-open conformation; in contrast, the
enzyme might unfold on very hydrophobic surfaces.
2.2.4 Activity measurements
Four diﬀerent water-soluble substrates were used to measure the activity of im-
mobilized CalB. To test for the inﬂuence of the size of the substrate, the three
structurally related ﬂuorogenic substrates 5(6)-CFDA, FDA and FDB were cho-
sen and compared to the frequently used chromogenic substrate pNPB. Whereas
pNPB is hydrolyzed by CalB very eﬃciently, the catalytic activity for the ﬂuoro-
genic substrate 5(6)-CFDA is very low.26 This large diﬀerence in activity is most
likely the result of a very bulky alcohol group, which hinders binding of 5(6)-CFDA
into the active site. The use of these substrates does not only allow for testing for
the size of the alcohol group, but also provides a direct spectroscopic readout of
the catalytic reaction in real-time.
Progress curves of the enzymatic reaction using 500 nM immobilized enzyme
and 10 μM of ﬂuorogenic substrate are shown in Figure 2.D.1 (in the appendix).
The progress curves show a sigmoidal shape typical for the hydrolysis of a ﬂuo-
rogenic substrate with two enzyme-cleavable bonds.29–32 This two-step reaction,
involving an intermediate with diﬀerent brightness, complicates the kinetic analy-
sis.32 To circumvent this problem, only the ﬁrst 7 % of the intensity data points
have been used for calculating the enzymatic rate (see appendix for details), cor-
responding to the ﬁrst conversion step of the substrate into the intermediate. The
enzymatic turnover rates for all substrates and surfaces tested are summarized in
Table 2.2.
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Table 2.2. Enzymatic turnover rate on surfaces of diﬀerent hydrophobicity (1/s)
pNPB FDA 5(6)-CFDA FDB
free CalB 0.80± 0.05 0.0104± 0.0055 0.0086± 0.0017 0.0030± 0.0014
PEG 0.54± 0.09 0.0138± 0.0061 0.0065± 0.0041 0.0031± 0.0019
methyl 0.65± 0.18 0.0138± 0.0053 0.0070± 0.0022 0.0037± 0.0030
propyl 0.67± 0.27 0.0118± 0.0052 0.0060± 0.0025 0.0034± 0.0025
octyl 0.59± 0.15 0.0191± 0.0085 0.0075± 0.0024 0.0213± 0.0063
octadecyl 0.91± 0.27 0.0494± 0.0269 0.0177± 0.0108 0.0338± 0.0260
When comparing the turnover rate for the frequently used substrate pNPB,
only small diﬀerences in CalB activity were observed between the diﬀerent surfaces
and the control sample containing non-immobilized, free enzyme. In contrast, the
turnover rate drastically changed for the substrate FDB when the enzyme was im-
mobilized on the octyl- or octadecyl-terminated surface. On the octyl-terminated
surface the turnover rate increased by a factor 7 and on the octadecyl-terminated
surface by a factor of 11, with a large error in the latter case. This higher error
originates from the extremely high hydrophobicity of the octadecyl-functionalized
beads, which leads to aggregation. Due to this higher error it is diﬃcult to draw
conclusions for the substrates 5(6)-CFDA and FDA where the turnover rate is
only increased for CalB immobilized on the octadecyl-functionalized surface (2×
increase for 5(6)-CFDA; 4× increase for FDA).
The observed increase in catalytic activity might originate from interfacial
activation on the hydrophobic surface for the substrate FDB. Alternatively, the
substrate FDB might accumulate on the hydrophobic surface, resulting in an in-
creased local concentration of the substrate. Control experiments investigating
the autohydrolysis of the diﬀerent ﬂuorogenic substrates on propyl- and octyl-
functionalized beads minimize this second possibility (see appendix for details),
indicating that the increased catalytic activity is primarily the result of interfacial
activation.
2.2.5 Molecular dynamics simulations
To provide structural insight into the mechanism of this interfacial activation,
a combination of molecular dynamics and docking calculations was applied to
determine the eﬀects of hydrophobic interfaces on the conformational distribution
of CalB. As a ﬁrst step, long timescale replica exchange simulations were used
to map out the conformational distribution and dynamics of CalB in aqueous
solution. Consistent with previous simulations,5,18–20 analysis of the mobility of
diﬀerent residues in CalB throughout the replica exchange simulations illustrates a
substantially higher ﬂexibility for the α5 helix and to a smaller extent also for the
α10 helix. The other secondary structure elements remain fairly rigid throughout
the simulations (see Figure 2.F.1 in the appendix).
Clustering analysis (see Experimental section for details) illustrates that the
primary conformational change apparent in the trajectories is switching between
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cleft-closed and cleft-open states of the α5 helix, altering the accessibility of the
CalB active site (Figure 2.2). The conformations of the active site can be sub-
divided into three categories based on the width of the active site cleft (Figure
2.2b): closed (cleft width <1.52 nm), crystal-like (1.52 – 1.9 nm cleft, roughly
matching that in the crystal structure), and open (>1.9 nm cleft). Reweighting
of the observed conformations by applying the multistate Bennet acceptance ratio
(MBAR) method to the replica exchange trajectories indicates that at 308 K, the
occupancies of clusters falling into these states are 36.1 %, 55.6 % and 8.2 % for
the closed, crystal-like, and open states, respectively.
While kinetic parameters are particularly diﬃcult to estimate from replica
exchange simulations due to the changing temperatures, the approximate lifetimes
of diﬀerent states were estimated (closed, crystal-like, open) by monitoring the
trajectories of cleft distance vs. time. Only stretches of the simulation after the
ﬁrst 6 ns of each replica trajectory, for which the target temperature never rose
above 350 K, were considered in the lifetime calculations. Median dwell times in all
three major conformations were 20 – 30 ps for each trajectory, and median times for
transition from the closed to open or open to closed state were 2.2 ns and 5.7 ns,
respectively; however, these ﬁgures likely underestimate the true dwell times in
each conformation because longer dwell times are censored since the temperature
at some point rises above the 350 K threshold.
2.2.6 Docking studies
The observation that the width of the CalB active site is highly variable provides
a possible explanation for the experimental observation that bulkier substrates
show qualitatively diﬀerent behavior in the presence of hydrophobic interfaces.
In order to determine whether the conformational state of CalB determines sub-
strate binding, all substrates (see Figure 2.A.1 in the appendix) were docked to
a substrate-analog bound CalB crystal structure (PDB code 1LBS), to the equili-
brated starting structure for the molecular dynamics simulation, and to one repre-
sentative conformation of each of the 24 most heavily occupied clusters identiﬁed
by clustering analysis.
Plots of the DOCK binding energies versus cleft distance are shown for all
substrates in Figure 2.3. Two striking patterns emerge from these plots: (i) a
marked depletion of favorable conformations with a small-cleft distance is observed
for the bulkier substrates. In contrast, many closed conformations are able to
bind pNPB with a low relative binding energy. (ii) FDB stands unique among all
substrates in that its most favorable docked poses correspond to a low-occupancy,
highly open cluster (cluster 14, with a cleft distance of 2.29 nm and an estimated
fractional occupancy of 0.014 at 308 K). A comparison of the crystal structure with
cluster 14 shows that the mobile α5 alpha helix unfolds completely and leaves the
vicinity of the active site cleft (Figure 2.4a). Figure 2.4b shows the single best-
binding conformation of FDB in cluster 14. This binding pose would be sterically
forbidden in the crystal structure due to the conformation of α5. Comparisons of
the best scoring docked poses for all substrates are shown in Figure 2.F.2 in the
appendix.
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Figure 2.2. Common conformations of CalB and its active site cleft during replica
exchange simulations. a) Conformations of the six most heavily occupied clusters,
including estimated occupancies and the width of the active site cleft. b) Histogram
of cleft distances over all replica exchange trajectory frames, illustrating the subdi-
vision of conformations into closed (cleft <1.52 nm, crystal-like, or open states (cleft
>1.9 nm). c) Fractional occupancy of conformational clusters, either calculated from
the raw replica exchange trajectories (raw) or estimated at 308 K using MBAR.33
Closed, crystal-like, and open conformations are plotted with triangles, squares, and
circles, respectively.
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Figure 2.3. DOCK grid score-based binding energies for the docked conformations
of all substrates, plotted against the cleft distance of the corresponding protein
conformation. The size of each point is proportional to the number of eﬀectively
identical docked poses identiﬁed (<0.1 nm RMSD). Only catalytically competent
conformations are considered (i.e. the distance between the substrate ester carbon
and the oxygen of S105 is less than 0.6 nm). Red dashed lines indicate the cleft
distance thresholds between the closed, crystal-like and open conformations.
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Figure 2.4. Comparison of a representative cluster 14 conformation with the CalB
crystal structure (PDB code 1LBS). a) Backbone traces of the crystal structure
(blue) and cluster 14 (grey); the α5 helix is shown in red (crystal) or orange (cluster
14). The key catalytic serine (S105) is highlighted in green. b) Most favorable,
catalytically competent, docked conformation of FDB, showing the location of the
substrate, the catalytic triad residues, and the α5 helix (orange).
2.2.7 Conformational free energy estimates
As discussed above, the experimental data indicate that CalB shows preferential
activation towards bulky substrates (FDB in particular) in the presence of a hy-
drophobic interface. More importantly, the degree of activation increases with
interface thickness and consequently hydrophobicity. To provide a molecular-level
interpretation for these results, a simpliﬁed model was applied to estimate the ef-
fect of a hydrophobic layer of varying thickness on the conformational distribution
of CalB. This model approximates the silane-functionalized beads as consisting of
a hydrophobic slab that covers a hydrophilic, impenetrable slab. For each CalB
conformation, the protein is treated as a rigid body. The partition function for the
protein in contact with the hydrophobic slab was approximated (including all pos-
sible orientations and depths; see Figure 2.5a) using a simpliﬁed energy function
that is based on the solvent exposed surface area of hydrophilic and hydrophobic
side chains (see Experimental section for details). Comparing the partition weights
of diﬀerent conformations allows for an approximation of the relative occupancies
of diﬀerent conformations in the presence of diﬀerent slab thicknesses.
According to the model, the presence of the hydrophobic slab strongly favors
open enzyme conformations (Figure 2.5b) except for very thin slabs (∼0.5 nm).
This preference for open enzyme conformations becomes more apparent with in-
creasing slab thicknesses up to approximately 1.5 nm. The reason for this depth
dependence is readily apparent from plots of the preferred insertion depths of the
diﬀerent conformations (Figure 2.F.3a-c in the appendix). Whereas most closed
conformations do not insert more than 0.4 nm into the hydrophobic slabs, most
crystal-like and open conformations favor insertion depths up to 1 nm. It is also
notable that all open and crystal-like conformations favor orientations where the
active site is buried deeply in the hydrophobic slab. In contrast, the closed state
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Figure 2.5. Eﬀects of a hydrophobic interface on cluster occupancy. a) Schematic
of the model used to estimate the eﬀects of a hydrophobic slab. For each cluster,
the partition function was approximated on a grid of orientations (θ,ϕ) and pene-
tration depths (z) of the protein into the hydrophobic slab. The hydrophobic slab
represents the silane coating of the glass bead, whereas the bead surface itself was
treated as a second, impenetrable hydrophilic slab below the hydrophobic layer. b)
Estimated occupancies of diﬀerent conformational states of CalB while in contact
with a hydrophobic slab of varying thickness.
tends to tilt further away from such an alignment (Figure 2.F.3d in the appendix).
Clearly, this low-resolution simulation, designed to test the eﬀect of a hydropho-
bic interface on the conformational distribution of CalB, suggests that a hydropho-
bic interface will bias the enzyme towards α5-open conformations. These confor-
mations are oriented such that the active site is facing towards the hydrophobic
interface so that they are most likely stabilized by the interface. Assuming that
the enzyme binds to the surface in the same orientation under experimental condi-
tions, these calculation results directly explain the observed interfacial activation
for bulkier substrates and the observed dependence on alkyl chain length (i.e. layer
thickness).
2.3 Discussion
The activity measurements performed in this study show that the turnover rate
of CalB increases when immobilized on surfaces of increasing hydrophobicity.
For ﬂuorescein dibutyrate (FDB), which is the ﬂuorogenic substrate with the
longest alkyl chain, CalB activity increased 7-fold after immobilization onto the
octyl-functionalized surfaces and 11-fold on the octadecyl-functionalized surface.
An increased turnover rate is also detected for the other ﬂuorogenic substrates
ﬂuorescein diacetate (FDA; 4× increase) and 5(6)-carboxyﬂuorescein diacetate
(5(6)-CFDA; 2× increase), but to a smaller extend and only on the octadecyl-
functionalized surface. In contrast, the turnover rate is not aﬀected by the type of
surface when activity is measured with the frequently used chromogenic substrate
para-nitrophenyl butyrate (pNPB), which has a much smaller alcohol substituent
than the ﬂuorogenic substrates.
The observed increase in CalB activity for the large, bulky substrates might
be caused by a better access of these substrates to the active site on the more hy-
drophobic surfaces or a conformational change leading to interfacial activation. It
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has been shown for other lipases that substrate accumulation at the interface leads
to a higher local substrate concentration and therefore increased activity.34–36 This
possibility can not be fully ruled out, but it is considered very unlikely. No diﬀer-
ences in product accumulation were observed when substrate autohydrolysis was
observed in the vicinity of the functionalized beads (see Figure 2.E.1 in the ap-
pendix). Moreover, the only parts of the substrate that can possibly interact with
the alkyl-chains coupled to the beads are the substrate alkyl-chains. If this was
the case, an increased turnover rate should also be observed for pNPB hydrolysis,
which is not the case. This leads to the conclusion that the increased activity
observed on the most hydrophobic surface is indeed the result of a conformational
change that improves the access of large, bulky substrates to the active site. This
conclusion is strongly supported by the presented simulations, which show that
the α5 helix samples a large range of conformations with open conformations being
more likely in a hydrophobic environment (Figure 2.5b).
Interfacial activation is usually observed for most other lipases when their ac-
tivity is measured in the presence of detergent micelles or any other hydropho-
bic interface.21,37 Only a limited number of experiments point to the existence
of interfacial activation for CalB, and from these studies no clear conclusions
could be drawn. Earlier experiments, in which CalB was immobilized on agarose
beads functionalized with octyl chains34 or Sepabeads functionalized with octade-
cyl chains,38 suggested activation eﬀects much smaller than those observed in
the present study. Stronger activation was detected for CalB adsorbed on alkyl-
terminated self-assembled monolayers on gold.24 No active site titration was per-
formed, however, and the authors explained the eﬀect with a higher number of
active enzymes on the surface. Combining these existing studies with the results
obtained here, suggests that strong activation is only achieved when CalB adsorbs
on a highly packed, self-assembled monolayer of uniform molecular arrangement
formed, for example, on gold or using silanization. Clearly, the quality of the
hydrophobic interface is crucial for the activation of CalB. It is therefore not un-
expected that interfacial activation has hardly been observed before when CalB
was immobilized onto alkyl-functionalized polymeric beads where the alkyl chains
are less ordered. In addition, these assays have mostly been performed with sub-
strates of smaller size where the cleft opening is less important. It is clearly an
interesting topic for future studies to investigate if the immobilization conditions
found here will also yield interfacially activated CalB when using other bulky sub-
strates that are not fully water-soluble, but need to be solubilized with detergents
or dissolved in organic solvents.
Helix α5 plays a crucial role in the observed activation. This helix has been
discussed as a potential lid ever since the crystal structure of CalB has been
resolved.1 As no interfacial activation could be conﬁrmed,22 however, its role as a
lid was questioned later.5,19,23 Instead it was suggested that α5 acts as an anchor
for establishing the initial contact of the enzyme with a hydrophobic interface19
and that it plays a role in substrate binding.5 The simulations presented here
conﬁrm that α5 is the most mobile part of the enzyme structure and that it
can adopt a large range of diﬀerent conformations, including transient unfolding
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(see Figure 2.4 in the appendix). The conformation of α5 directly determines
the cleft distance and therefore the maximum size of the substrate that can ﬁt
into the active site. Most importantly, the simulation results show that the open
conformations are more frequently occupied when the enzyme is in contact with
a hydrophobic interface. Taken together, these simulation results highlight the
crucial role of α5 in determining substrate access to the active site and establish
that its conformation is regulated by the hydrophobicity of its environment. The
simulations do not only show a range of open conformations, but also a number
of structures where α5 is more closed than in the crystal structure. In none of
these conformations, however, is the active site fully shielded from the solvent:
a narrow, open channel remains along with suﬃcient room in the active site to
possibly accommodate small substrates (Figure 2.3e).
In this context, CalB can be considered as an intermediate enzyme acting as
an esterase for small substrates with easy access to the active site (e.g. pNPB
hydrolysis) and as a lipase for larger/bulkier substrates where full access to the
active site depends on the structural conformation of the α5 lid. This intermediate
status of CalB has already been proposed in 1994 when the crystal structure was
published,1 however, the results shown here are the ﬁrst experimental proof that
CalB does indeed show this behavior. As all simulations were performed in aqueous
solution, it is noted that there exists the possibility that other conformations of
the enzyme would also arise in the presence of a hydrophobic layer. The extensive
sampling performed here (over 1 ms of simulation, with sampling enhanced by
parallel tempering calculations), and the rapid interconversion between closed and
open conformations, argue against this possibility, but do not exclude it. Given
that the closed conformations identiﬁed almost uniformly disfavored deep insertion
into hydrophobic layers, it is still highly likely that any unsampled conformations
favored by a hydrophobic environment would most likely resemble an open state
conformation as was described above.
2.4 Conclusions
In conclusion, the results obtained from the combined experimental and simulation
approach presented in this chapter point towards the existence of an atypical
interfacial activation of CalB on highly hydrophobic supports when the enzyme
hydrolyzes large/bulky substrates. It is diﬃcult to conclude if this regulation of
substrate speciﬁcity and catalytic activity is of importance for the natural function
of CalB, as its natural substrate is not known. One can easily imagine that this is
an elegant way of making use of one and the same enzyme for diﬀerent functions
in the native environment. More importantly, this information about the crucial
role of the α5 helix provides a new starting point for the optimization of CalB for
industrial applications. This chapter provides clear evidence that CalB possesses
a larger, more open active site when immobilized on a well-packed, hydrophobic
surface. It might, therefore, be able to accommodate a larger range of substrates
with bulkier and aromatic alcohol substituents that are usually not hydrolyzed
eﬃciently.
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2.5 Experimental
Materials
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich or VWR
and used without further puriﬁcation. The substrates 5(6)-carboxyﬂuorescein di-
acetate (5(6)-CFDA) and ﬂuorescein dibutyrate (FDB) were obtained from Chemo-
dex. Fluorescein diacetate (FDA) was purchased from LifeTechnologies. The
suicide inhibitor methyl-4-methyl-umbelliferyl hexylphosphonate (ELSI-MF) was
obtained from Eucodis Bioscience GmbH. The PEG-terminated silane (2-[methoxy
(polyethyleneoxy)21−24 propyl] trimethoxysilane) was obtained from ABCR. Prior
to silanization, the silanes (trimethoxy methyl silane, trimethoxy propyl silane,
trimethoxy octyl silane, trimethoxy octadecyl silane as well as the PEG-terminated
silane) were distilled, aliquoted in 4 ml glass vials and stored under oxygen free
conditions.
Silanization of glass beads
Glass beads (1 μm diameter; Bangs laboratories, Inc.) were suspended in ultra-
pure water (2 g/ml). To generate additional silanol groups on the surface, they
were treated with Piranha solution (H2SO4/H2O2 3:1; CAUTION: Piranha solu-
tion is highly corrosive and an extremely powerful oxidizer; prepare in a ventilated
area). The bead suspension (200 μl) was added to 10 ml of the Piranha solution
in a glass test tube and stirred gently for 30 min. The sample was centrifuged
at 4000 rpm for 10 min. After removing the supernatant, the beads were washed
with 3× 10 ml ultrapure water. Subsequently, the silane solution was added to
the test tube. The silane solution contained 0.6 mM of the respective silane dis-
solved in a mixture of 10 % ultrapure water and 90 % ethanol (spectrophotometry
grade). The suspension was stirred gently for 48 hours at room temperature. Af-
ter centrifugation at 4000 rpm for 10 min, the supernatant was removed and the
beads were sonicated 3× for 5 min with isopropanol (spectrophotometry grade).
Subsequently, they were dried under a stream of nitrogen and stored in an oxygen
free and dark environment.
Enzyme immobilization on silanized beads
CalB labeled with ATTO565 (see appendix for details) was diluted to a concentra-
tion of 2.5 μM (5× the ﬁnal concentration) in activity buﬀer (50 mM NaH2PO4
pH 7.0, 150 mM NaCl). The enzyme solution (20 μl) was incubated with an ex-
cess of silanized beads (0.22 mg) for approximately 30 minutes on ice. The beads
were used for the following activity measurements without washing as no residual
enzymes were detected in the supernatant after this 30 min incubation time (see
appendix for details).
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Active-site titration
The amount of active CalB enzymes in the enzyme preparation was determined
using the suicide inhibitor methyl-4-methyl-umbelliferyl hexylphosphonate (ELSI-
MF).27,28 The inhibitor was dissolved in dry DMSO at a concentration of 50 μM.
The measurement was performed with an enzyme concentration of 500 nM and
an inhibitor concentration of 5 μM. To prepare the samples, 20 μl of 2.5 μM CalB
were premixed with 70 μl of 1× activity buﬀer in a black, ﬂat-bottom 96-well
plate (BD Falcon). Alternatively, 20 μl of a bead suspension was used carrying
the same amount of immobilized CalB. To start the measurement, 10 μl of the
inhibitor were added, yielding a ﬁnal DMSO concentration of 10 %. Subsequently,
each well was covered with 50 μl of mineral oil to prevent evaporation. The re-
lease of the ﬂuorophore 7-hydroxy-4-methylcoumarin was followed in a microplate
reader (λex = 365 nm; λem = 460 nm; Tecan Inﬁnite M200 PRO). The measure-
ment was performed at 25 ◦C for 15 min (30 s intervals). All measurements were
performed in triplicate. The detected ﬂuorescence signal was converted into the
actual product concentration using a calibration curve of the product 7-hydroxy-4-
methylcoumarin and subsequently corrected for autohydrolysis of ELSI-MF. As ev-
ery active enzyme performs only one enzymatic turnover during the measurement
time, the ﬁnal product concentration directly corresponds to the concentration of
active sites.
Activity measurements
Fluorogenic substrates
Three ﬂuorogenic substrates 5(6)-CFDA, FDA and FDB were used for measuring
the activity of immobilized CalB. All substrates were dissolved in dry DMSO at
a concentration of 100 μM. The activity was measured using a substrate concen-
tration of 10 μM and an enzyme concentration of 500 nM. The measured samples
contained 10 μl of 100 μM substrate, 70 μl of 1× activity buﬀer and 20 μl of
2.5 μM of CalB immobilized on the silanized glass beads (100 μl ﬁnal volume
with 10 % DMSO). Beads and buﬀer were premixed in the 96-well plate and sub-
strate was added just before the measurement. The release of the ﬂuorophores
5(6)-carboxyﬂuorescein or ﬂuorescein was followed in the microplate reader (λex
= 495 nm; λem = 525 nm). The measurement was performed at 25
◦C for 48 hours
(30 s intervals). All measurements were performed in triplicate. The turnover rate
was calculated for the ﬁrst reaction step (conversion of the double-substituted
substrate into the weakly ﬂuorescent intermediate). The data was corrected for
autohydrolysis of the substrate and the concentration of active sites. Details of
the calculations are described in the appendix.
Chromogenic substrate pNPB
All measurements using the substrate para-nitrophenol butyrate (pNPB) were car-
ried out with a substrate concentration of 100 μM and an enzyme concentration
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of 500nM. Prior to the measurement the substrate was diluted to a concentration
of 2 mM in dry DMSO. The measured samples contained 10 μl of 2 mM sub-
strate, 150 μl of 1× activity buﬀer and 40 μl of 2.5 μM CalB immobilized on the
silanized glass beads (200 μl ﬁnal volume with 5 % DMSO). Beads and buﬀer were
premixed in the cuvette and substrate was added just before the measurement.
The measurement was performed in disposable polystyrene cuvettes, following ab-
sorbance at 405 nm using an UV/VIS spectrometer (VARIAN Cary300). The
samples were measured at 25 ◦C for approximately 30 minutes (30 s intervals).
All measurements were performed in triplicate.
Molecular dynamics simulations and analysis
All molecular dynamics simulations were performed using NAMD 2.6.39 The
CHARMM22 force ﬁeld with CMAP corrections40,41 was used for the protein,
and the TIP3P water model42 for water. The temperature of each replica was
maintained using Langevin dynamics with a damping constant of 5.0 ps−1. Short-
range interactions were cut oﬀ at 1.2 nm, with switching starting at 1.0 nm.
Long-range electrostatics were treated using the Particle Mesh Ewald method39
with a grid density no lower than 1 per A˚ngstrom. Dynamics were propagated
using a 2.0 fs time step, with non-bonded interactions evaluated every step and
long-range electrostatics every other step. The initial structure was generated by
taking the protein component of PDB code 1TCA, with water and ions (0.154 M
NaCl suﬃcient to neutralize the system) added using VMD.43 The system was
minimized for 3000 steps, then subjected to 10 ps of equilibration with the protein
ﬁxed and then 100 ps of equilibration with the protein mobile.
After equilibration, parallel tempering simulations44 were initiated with 48
replicas, with temperatures ranging from 300 K to 400 K. Temperature exchanges
were attempted once per picosecond. Temperature spacing of the replicas was
optimized to yield average exchange frequencies between 30 % and 40 %. Each
replica was run for 21 ns for a total run time of 1.008 μs, with snapshots saved for
subsequent analysis once every 10 ps. Dominant conformations from the replica
exchange trajectories (subsequently used for the docking calculations) were identi-
ﬁed using the g cluster module of GROMACS 3.3.3.45 All frames were ﬁrst aligned
using all non-symmetry-related heavy atoms from the main β-sheet, and then clus-
tered using the Gromos method46 with a 0.15 nm cut-oﬀ, considering only residues
of the α5 helix (residues 142 – 146) and the C-terminal portion of the α10 helix
(residues 278 – 287). For the docking calculations the 24 most occupied clusters
were considered, which collectively represent more than 95 % of all time steps.
As motion of the α5 helix over the active site is a dominant contributor to the
observed dynamics of the protein, the α5-α10 cleft distance is used as a metric
describing active site accessibility. This distance is deﬁned as the center of mass
distance between residues 142 – 145 (α5) and residues 278 – 287 (C-terminal half of
α10). For simplicity of interpretation the diﬀerent conformations were partitioned
into three classes: closed (α5-α10 cleft distance less than 1.52 nm), crystal-like
(cleft distance 1.52 – 1.90 nm), and open (cleft distance greater than 1.90 nm).
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For comparison, the α5 – α10 cleft distance is 1.63 nm in the starting crystal
structure and 1.71 nm in the most heavily occupied conformation from molecular
dynamics simulations.
Docking calculations
Docking was used to identify the preferred conformations and approximate binding
aﬃnities of the experimentally used substrates. For the substrate 5(6)-CFDA, the
isomers 5-CFDA and 6-CFDA were docked separately. For docking, each of the
cluster-representative conformations were used, as well as the MD-equilibrated
structure and the 1LBS crystal structure (which was crystallized with an inhibitor
bound and thus is more likely to represent an active-like conformation). The
structures were prepared for docking using UCSF Chimera 1.7.47 The hydrogen
atoms were placed to optimize hydrogen bonding (with the key histidine residue
H224 constrained to delta protonation only) and AMBER ﬀ12SB charges were used
for all residues. All substrates (Figure 2.A.1) were prepared for docking using the
antechamber plugin of Chimera 1.7. Structures were minimized with 1000 steepest
descent steps of AM1 geometry optimization and then charged using AM1-BCC
charges. All docking calculations were performed with UCSF DOCK version 6.1,48
using SYBYL atom types.
For the initial round of docking a grid-based scoring was used, generating up to
32,000 docked poses per ligand-protein structure combination; these settings were
identiﬁed based on pilot calculations showing that this level of search eﬀort would
prove saturating for the largest ligands used. While holding the protein ﬁxed, the
simulations allowed simplex minimization of both anchor poses and ﬁnal ligand
poses. During docking, poses were clustered with a 0.1 nm RMSD cut-oﬀ after
minimization and only one representative for each cluster retained. After docking,
conformations were ﬁltered to retain only those in which the S105 catalytic oxygen
was within 0.6 nm of the substrate ester carbon. Binding energies reﬂect the
minimized dock scores for these representative minimized conformations.
Conformational free energy estimates
The occupancies of diﬀerent clustered conformations in solution were estimated
using the multistate Bennett Acceptance Ratio (mBAR),33 as implemented in
pymbar 2.0beta. First, all trajectory frames were re-binned into the top 24 clus-
tered conformations based on the conformation of the gateway helices (as described
above), discarding the ﬁrst 6 ns of each trajectory. Using this clustering assign-
ment, the mean dwell time in all but two clusters was less than ten frames (100 ps).
The trajectories were subsampled to take only every tenth frame in the mBAR
analysis, then treating the resulting trajectories as uncorrelated. Occupancies
were then estimated at 308 K using the computeExpectation function of pym-
bar.38 The eﬀects of a hydrophobic interface on the conformational free energies
were estimated using a simple continuum solvent model. The experimental setup
was considered to consist of an impenetrable slab, a slab of hydrophobic material
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Table 2.3. Parameters used for the hydrophobic interface interaction model.
Each residue type contributes to the estimated free energy based on its solvent
accessible surface area (SASA) exposed to the hydrophobic slab.
Class Residue types dGwater→slab (kcal/mol A2)*
1 L, I, V -0.027
2 F, M, W, A, C, G -0.013
3 Y 0
4 T, S, H, Q, K 0.026
5 N, E, D, R 0.051
*based on experimental data from Radzicka et. al.49 ; N.b. only SASA of side chain atoms
contributes to the free energy change.
with variable thickness and an inﬁnite layer of aqueous solvent. The amino acids
were divided into ﬁve classes. Each class is characterized by an approximate free
energy for transfer between aqueous solvent and the hydrophobic layer (Table 2.3).
Using these free energies, the partition weight for each protein conformation
to be transferred into a hydrophobic layer of given thickness was calculated. It
was obtained by summing over a three-dimensional grid of all possible protein
orientations (θ and ϕ, at 2 degree increments) and distances from the bead (z, at
0.2 A˚ increments). The distances were chosen to range from the closest possible
approach without intersecting the impermeable slab (bead) to the point where
all protein atoms have lost contact with the hydrophobic layer. The occupancy
of each conformation, assuming contact with the hydrophobic layer, was then
estimated by reweighting the bulk solvent occupancies of each conformation by
the summed partition weights of all orientations of that conformation interacting
with the hydrophobic bead layer obtained using the coarse model above.
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2.A Chromogenic and ﬂuorogenic CalB substrates
For the kinetic measurements and the docking studies only the double-substituted
ﬂuorogenic substrates were used. For CFDA a preparation of mixed isomers (5(6)-
CFDA) was used for the kinetic measurements instead of the pure isomers. 5-
CFDA and 6-CFDA were docked separately. Docking experiments were performed
with all possible combinations of protonation states. Only the fully deprotonated
form is referred to in this chapter, unless otherwise speciﬁed.
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Figure 2.A.1. Substrates used for kinetic measurements and docking. The cleav-
able ester bonds are indicated by an arrow. The stars show titratable groups.
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2.B Preparation of ﬂuorescently labeled CalB
Expression and puriﬁcation of CalB
CalB was expressed in E. coli following previously published protocols. In brief,
the DNA sequence of mature CalB was cloned into a plasmid of the pAK se-
ries containing a pelB signal peptide for periplasmic expression.26,50 The CalB
sequence further carried an N-terminal FLAG tag. For puriﬁcation, a C-terminal
his tag was fused to CalB (CalB-His). CalB was puriﬁed from periplasmic extracts
using immobilized metal-ion aﬃnity chromatography (IMAC; His GraviTrap, GE
Healthcare).25 In some cases a modiﬁed plasmid was used that carried an ad-
ditional sequence of 12 amino acids in front of the FLAG tag. This sequence
resembles a truncated version of the GCN4 peptide and increases the expression
level of CalB (GCN4s-CalB-His). This extension does not aﬀect CalB activity.17
Following puriﬁcation, the eluted fractions were dialyzed against borate buﬀer
(50 mM H3BO3, 50 mM Na2B4O7, pH 8.5). The dialyzed solution was concen-
trated to at least 2 mg/ml using ultraﬁltration (10 kDa cut-oﬀ, Amicon Ultra 4,
Merck Millipore). The protein concentration was determined using absorbance
measurements at 280 nm (� = 41970 M−1 cm−1). Subsequently, standard SDS-
PAGE (15 % polyacrylamide) was performed to verify the purity of the expressed
protein (Figure 2.B.1).
Labeling of GCN4s-CalB-His with Alexa Fluor 488
The concentration of puriﬁed GCN4s-CalB-His was adjusted to 2 mg/ml in 500μl.
The solution was added to one vial of the amine reactive TFP-ester of Alexa Fluor
488 (AF488, Alexa Fluor 488 Protein Labeling Kit, Invitrogen). The labeling re-
action was stirred for 1 h at room temperature and then incubated at 4 ◦C over
night. Unreacted dyes were removed by ultraﬁltration (10 kDa cut-oﬀ) followed
by gel ﬁltration (Sephadex G-25, GE Healthcare). During puriﬁcation, the buﬀer
was exchanged against activity buﬀer (50 mM sodium phosphate pH 7.0, 150 mM
NaCl). A sample of AF488-labeled GCN4-CalB-His was analyzed on SDS-PAGE
(Figure 2.B.1). The labeling ratio (0.96 dye:protein) was determined from ab-
sorbance measurements at 280 nm and 495 nm (AF488). The sample was divided
into 20 μl aliquots and stored at -80 ◦C.
Labeling of CalB-His with ATTO565
The NHS-ester of ATTO565 was dissolved in dry DMSO in a concentration of
2 mM. Subsequently, 90 μl of the dye solution was added to 900 μl of a 2 mg/ml
(57.7 μM) CalB-His solution to obtain a ∼3× excess of ATTO565-NHS. The la-
beling reaction was incubated overnight at 4 ◦C. Again the labeled protein was
puriﬁed by ultraﬁltration and gel ﬁltration. The labeling ratio was determined
from absorbance measurements at 280 nm and 563 nm (ATTO565). This mea-
surement yielded a labeling ratio of 0.86 (dye:protein). The sample was stored in
20 μl aliquots at -80 ◦C.
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Figure 2.B.1. SDS-PAGE of puriﬁed (1) and AF488-labeled GCN4-CalB-His (2).
2.C Preparation and characterization of silanized
coverslips
Silanization of coverslips
Before silanization, all beakers, bottles and Teﬂon coverslip holders were cleaned
for 20 min with Piranha solution (H2SO4/H2O2 3:1; CAUTION: Piranha solution
is highly corrosive and an extremely powerful oxidant; prepare in a ventilated area).
The coverslips (Menzel Gla¨ser) were placed in a cleaned Teﬂon holder, immersed
in acetone (spectrophotometry grade) and sonicated for 10 min. The coverslips
were then immersed in 10 % NaOH and sonicated for 10 min. Afterwards, the
coverslips were washed extensively with ultrapure water, followed by drying under
a stream of N2. The coverslips were then submerged in a Teﬂon beaker ﬁlled with
Piranha solution for 30 min to produce additional reactive silanol groups on the
surface. Subsequently, the coverslips were washed 3× with ultrapure water and
sonicated in isopropanol (spectrophotometry grade) for 5 min. After drying the
coverslips under a stream of N2, they were again placed into the Teﬂon beaker,
now ﬁlled with the silane solution. The silane solution contained 0.6 mM of the
respective silane dissolved in a 9:1 mixture of ethanol (spectrophotometry grade)
and ultrapure water. The coverslips were incubated in this solution for 48 hours
at room temperature with gentle shaking. The silane solution was removed and
the coverslips were sonicated 3× 5 min in isopropanol. They were dried under a
stream of N2 and stored in an oxygen free, dark environment.
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Contact angle measurements
A 10 μl drop of ultrapure water was placed onto the silanized coverslips. Drop-
shape analysis was carried out in real time using the installed video camera. The
camera was directly linked to image analysis software (KRUSS DSA 1.90.0.14).
AFM measurements
The topology of the silanized coverslips was studied using atomic force microscopy
(AFM, Dimension 3100, Bruker). The AFM images were obtained in tapping mode
in air using silicon cantilevers (NSG10, NT-MDT). All measurements were done
immediately after the samples had been prepared. The obtained AFM images for
the octyl- and propyl-functionalized coverslips are shown in Figure 2.C.1.
Figure 2.C.1. AFM images of the silanized surfaces (512 × 512 pixels over 5 ×
5 μm). Both the octyl- and the propyl-functionalized coverslip show a homogeneous
coverage indicating the presence of a monolayer.
To characterize the surfaces in more detail, the thickness of the silane layer
was determined. A standard contact-photolithography mask with a line pattern
(line thickness 5 μm, periodicity 10 μm; Figure 2.C.2a) was placed on top of the
coverslips. Subsequently, the coverslips were irradiated with an Argon Fluoride
excimer laser (193 nm) using an intensity of ∼9 J cm−2 to degrade the alkyl chains
in the UV exposed areas. After the UV treatment, the patterned coverslips were
soaked in ethanol and dried under a stream of N2. The obtained surfaces were
imaged with AFM as described above (Figure 2.C.2). For the octyl-terminated
self-assembled monolayer (SAM) a thickness of ∼1.5 nm (Figure S2.C.2b) was
determined, which ﬁts well with the expected thickness of 1.6 nm. For the propyl-
terminated SAM the thickness was ∼0.8 nm (Figure 2.C.2c; expected 0.9 nm).
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Figure 2.C.2. AFM characterization of the patterned surfaces. a) transmission
optical image of the photolithography mask; b) thickness of the octyl-terminated
SAM; c) thickness of the propyl-terminated SAM.
2.D Kinetic measurements of immobilized CalB
(silanized beads)
Control experiments
Control experiments were performed to determine the fraction of residual CalB
in the supernatant after the enzyme was incubated with the functionalized beads.
Two diﬀerent experiments were performed for testing the eﬃciency of enzyme
immobilization. Using ATTO565 labeled CalB-His, the enzyme concentration in
the supernatant was determined. Using the same samples, a test for enzymatic
activity was performed using FDB as the substrate.
Enzyme concentration in the supernatant
CalB was incubated with the beads as described for the kinetic measurements
in the main text. After incubation, the beads were removed from the sample in
two subsequent centrifugation steps (15000 rpm, 10 min). The amount of residual
CalB in the supernatant was determined from the ﬂuorescence of ATTO565 (λex
= 560 nm; λem = 610 nm). The ﬂuorescence was measured in a time series
experiment (30 min; 30 s intervals), followed by averaging the signal of all data
points. All measurements were performed at 25 ◦C in ﬂat bottom, black 96-
well plates (BD Falcon) using a microplate reader (Inﬁnite M200 PRO, Tecan).
The measurements were carried out in triplicate. Compared to the ﬂuorescence
intensity of the free enzyme (500 nM; no beads), a very low intensity was detected
in the supernatant of each sample (<6 %; Table 2.D.1).
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Table 2.D.1. Enzyme ﬂuorescence in the supernatant (ﬂuorescence intensity
A.U.)
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 627 37 28 32 27 23
Exp. 2 718 41 25 27 23 18
Exp. 3 652 35 22 28 23 19
Mean 666 38 25 29 24 20
SD 47 3 3 3 2 3
Residual enzymatic activity in the supernatant
The substrate FDB was added to the above samples and a kinetic measurement
was performed (λex = 495 nm; λem = 525 nm). The data was recorded in 30 s
intervals for 24 hours (25 ◦C). All measurements were performed in triplicate.
Compared to the sample containing 500 nM free enzyme, only very little activity
was detected (Table 2.D.2).
Table 2.D.2. Product ﬂuorescence in the supernatant after 24 hours (ﬂuores-
cence intensity A.U.)
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 45646 9 8 9 10 9
Exp. 2 38698 21 29 21 27 23
Exp. 3 40032 46 57 47 66 49
Mean 41459 25 31 26 34 27
SD 3687 19 25 19 29 20
Active-site titration
The protocol used for the active site titration is described in detail in the main
text of the chapter. Table 2.D.3 summarizes the raw data of 3 independent mea-
surements.
Table 2.D.3. Raw data of the active-site titration (ﬂuorescence intensity A.U.)
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 96.9 60.1 73.7 79.9 77.6 49.4
Exp. 2 113.3 61.4 60.2 61.5 70.9 82.4
Exp. 3 104.9 48.8 60.4 70.7 69.1 58.0
Mean 105.0 56.8 64.8 70.7 72.5 63.3
SD 8.2 6.9 7.7 9.2 4.5 17.1
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Kinetic measurements
The protocol used for the kinetic measurements is described in detail in the main
text. Figure 2.D.1 shows the raw data of one representative measurement for all
3 substrates.
Figure 2.D.1. Typical raw data of the kinetic measurements. a) Enzymatic hy-
drolysis of FDA; b) enzymatic hydrolysis of 5(6)-CFDA; c) enzymatic hydrolysis of
FDB.
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Data analysis
The kinetic curves clearly possess a sigmoidal shape that is typical for the hydrol-
ysis of double-substituted ﬂuorogenic substrates. This is a direct consequence of
the two-step reaction that proceeds via a mono-substituted intermediate with low
ﬂuorescence.1–3,21,51–53
Scheme 2.1. General reaction scheme for double substituted ﬂuorogenic sub-
strate, with E representing enzyme, S substrate, M intermediate, P product and
R the liberated acid substituent.
In the initial phase of the reaction mainly the ﬁrst step (conversion of the sub-
strate S into the intermediate M) takes place. Only once a suﬃcient amount of
intermediate has accumulated, the formation of the highly ﬂuorescent product P
becomes the main component of the reaction. The extinction coeﬃcient and quan-
tum yield of mono-substituted ﬂuoresceins depend on the electronic properties of
the substituent. In the case of ﬂuorescein diacetate (FDA) the mono-substituted
intermediate is about a factor 30 less ﬂuorescent than the ﬁnal product ﬂuores-
cein.52,53 This intrinsic diﬃculty complicates the accurate determination of the
enzymatic reaction rate. Under initial rate conditions almost exclusively the in-
termediate is formed. This would require a calibration curve that is performed
with the intermediate instead of the ﬁnal product. This is not an option for esters
of ﬂuorescein, however, due to the relatively fast autohydrolysis of the ester bond.
Any preparation of the intermediate would always contain a fraction of highly ﬂu-
orescent ﬂuorescein, aﬀecting the accuracy of the calibration curve. To overcome
this problem, calibration curves with the ﬁnal product were established by divid-
ing the obtained intensities by the previously published factor 3052,53 to correct
for the lower intensity of the intermediate. This correction allows for obtaining
the initial rate of the reaction provided that the analysis is based on that fraction
of the kinetic curve that is dominated by the ﬁrst reaction step. To determine
which part of the curve can be used for data analysis, simulations were performed.
The concentration of substrate [S], intermediate [M ] and product [P ] (and con-
sequently their contribution to the overall intensity I) can be calculated at any
point in time using the following series of equations:52
I(t) = a[M ](t) + b[P ](t) (2.1)
d[S]
dt
= − k2[E][S]
KMH + [S]
(2.2)
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d[M ]
dt
= − k
′
2[E][M ]
K ′MH ′ + [M ]
− d[S]
dt
(2.3)
d[P ]
dt
= −d[M ]
dt
− d[S]
dt
(2.4)
H =
K ′M + [M ]
K ′M
(2.5)
H ′ =
KM + [S]
KM
. (2.6)
Making the assumptions KM = K
′
M and k2 = k
′
2 and with a = 1/30 and b = 1 the
relative fraction of [S], [M ] and [P ] was calculated for I = 2 %, 5 %, 7 % and 10%
of the maximum intensity that is reached when all substrate has been converted
to product (Table 2.D.4).
Table 2.D.4. Relative substrate, intermediate and product concentrations in %
Intensity I (%) [S] [M ] [P ]
2 83.2 15.3 1.5
5 72.4 23.4 4.2
7 67.1 26.8 6.1
10 60.7 30.3 9.0
The calculation results (Table 2.D.4) show that ≤ 9 % of the detected ﬂuo-
rescence intensity originates from product molecules when less than 10 % of the
maximum intensity has been reached. In other words, if the initial rate is obtained
from that part of the sigmoidal curve where the intensity is below 10 % of the ﬁnal
value, the systematic error for the initial rate can be kept below 10 %. Consid-
ering this information, the data was analyzed as follows. Calibration curves were
measured using the ﬁnal products ﬂuorescein and 5(6)-carboxyﬂuorescein. The
obtained calibration factors were divided by 30 and used to convert the measured
intensities (Figure 2.D.1) into concentrations. Subsequently, the initial slopes were
obtained from linear ﬁts to the kinetic curves and corrected for autohydrolysis.
Only the ﬁrst part of the curve was used until the intensity reached 7 % of the
ﬁnal intensity. In the last step, the enzymatic rates were obtained by dividing
the reaction velocities by the concentration of active enzymes (total enzyme con-
centration corrected by the number of active sites shown in Table 2.D.3). These
calculations have been performed for each data set separately. Mean values and
standard deviations from 3 independent measurements were calculated after the
ﬁnal step (Tables 2.D.5 – 2.D.8).
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Table 2.D.5. Enzymatic turnover rate (s−1) for pNPB on surfaces of diﬀerent
hydrophobicity
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 0.76 0.59 0.55 0.83 0.46 1.06
Exp. 2 0.79 0.44 0.86 0.36 0.75 0.60
Exp. 3 0.85 0.59 0.55 0.83 0.55 1.06
Mean 0.80 0.54 0.65 0.67 0.59 0.91
SD 0.05 0.09 0.18 0.27 0.15 0.27
Table 2.D.6. Enzymatic turnover rate (s−1) for FDA on surfaces of diﬀerent
hydrophobicity
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 0.0075 0.0109 0.0106 0.0083 0.0176 0.0503
Exp. 2 0.0069 0.0097 0.0109 0.0092 0.0114 0.0221
Exp. 3 0.0167 0.0208 0.0200 0.0178 0.0283 0.0758
Mean 0.0104 0.0138 0.0138 0.0118 0.0191 0.0494
SD 0.0055 0.0061 0.0053 0.0052 0.0085 0.0269
Table 2.D.7. Enzymatic turnover rate (s−1) for 5(6)-CFDA on surfaces of dif-
ferent hydrophobicity
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 0.0083 0.0032 0.0064 0.0038 0.0053 0.0101
Exp. 2 0.0104 0.0052 0.0051 0.0054 0.0071 0.0301
Exp. 3 0.0071 0.0110 0.0094 0.0087 0.0101 0.0130
Mean 0.0086 0.0065 0.0070 0.0060 0.0075 0.0177
SD 0.0017 0.0041 0.0022 0.0025 0.0024 0.0108
Table 2.D.8. Enzymatic turnover rate (s−1) for FDB on surfaces of diﬀerent
hydrophobicity
free CalB PEG methyl propyl octyl octadecyl
Exp. 1 0.0018 0.0018 0.0017 0.0016 0.0176 0.0155
Exp. 2 0.0027 0.0021 0.0022 0.0024 0.0177 0.0224
Exp. 3 0.0046 0.0053 0.0071 0.0062 0.0285 0.0635
Mean 0.0030 0.0031 0.0037 0.0034 0.0213 0.0338
SD 0.0014 0.0019 0.0030 0.0025 0.0063 0.0260
Processed on: 10-11-2016
506322-L-bw-Turunen
52
Interfacial activation of Candida antarctica lipase B: combined evidence from
experiment and simulation
2.E Confocal measurements
The increased turnover rate on the octyl- and octadecyl-functionalized surfaces
could originate from an accumulation of the FDB substrate in the hydrophobic
layer on the surface. This would result in a higher substrate concentration on the
surface, i.e. in the direct vicinity of the adsorbed CalB molecules. To test for
this possibility, the following control experiment was performed: Silanized beads
were deposited on a cleaned coverslip and incubated with the substrate FDB.
The ﬂuorescence signal at the position of the beads was followed over time using
a confocal microscope. As the substrate autohydrolyzes in aqueous buﬀer, one
would expect to see an increase in the ﬂuorescence signal at the location of the
beads if the substrate binds to the hydrophobic coating of the beads.
Confocal microscope setup
A custom-built confocal microscope set-up was used for these measurements. It is
based on an inverted optical microscope frame (Axiovert 200; Zeiss) equipped with
an oil-immersion objective (Zeiss Fluar, 100×, NA = 1.3). A diode laser (485 nm,
LDH-D-C-485, PicoQuant) was used for excitation. The ﬂuorescence emission
from the sample was separated from reﬂections and scattered light by a dichroic
mirror (505dcxr, Chroma) and a bandpass ﬁlter (HQ525/50M, Chroma). The
signal was then guided through a 100 μm pinhole and focused onto an avalanche
photo diode detector (SPCM-AQR-14, Perkin Elmer).
Control experiments for substrate accumulation on the sila-
nized hydrophobic surfaces
A premixed solution of 50 μl activity buﬀer and 0.1 mg of silanized silica beads
was pipetted onto a glass coverslip in the microscope sample holder. The mi-
croscope was focused at the surface of the coverslip with wide-ﬁeld illumination
and the presence of the beads was veriﬁed using a CCD camera. Bead clusters
and individual beads were observed as they settled down on the coverslip surface.
After 5 min the substrate solution was added onto the coverslip, yielding a ﬁnal
FDB concentration of 10 μM in a total volume of 400 μl activity buﬀer with 10 %
DMSO. After addition of the substrate, an area of 50 × 50 μm was scanned every
10 minutes for a total time of 30 min (Figure 2.E.1). The time series of confocal
images clearly shows areas of high ﬂuorescence that can be co-localized with the
positions of bead clusters. No clear diﬀerence was observed between the propyl-
and octyl-functionalized beads. Consequently, no diﬀerence in product formation
is detected in the proximity of the beads that would be indicative of a higher local
concentration of substrate. This leads to the conclusion that the increased activity
of CalB does not originate from substrate accumulation on the more hydrophobic
surfaces.
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Figure 2.E.1. Time series of confocal scans (50 × 50 μm) taken from the propyl-
and octyl-silanized silica beads while incubating the sample with 10 μM FDB.
2.F Additional simulation results
Based on the performed MD simulations, the residue ﬂexibility of CalB was calcu-
lated. The simulations clearly show an increased ﬂexibility of the α5 helix (Figure
2.F.1). Also the most favorable docked pose for each substrate (Figure 2.F.2) high-
lights the diﬀerences in the α5 conformation. Furthermore, a calculation of the
insertion depth into a 3 nm hydrophobic slab shows that open and crystal-like con-
formations are able to penetrate the slab much deeper than closed conformations
(Figure 2.F.3a-c). More importantly, also the relative orientation of the enzyme
with respect to the slab is diﬀerent for the 3 major conformational states. Whereas
the crystal-like and open conformations orient themselves with the active site fac-
ing towards the slab, a diﬀerent orientation is observed for closed conformations
(Figure 2.F.3a,d).
Figure 2.F.1. Root mean square ﬂuctuations (RMSF) for the alpha carbon atoms
of all CalB residues. These values were calculated throughout the replica exchange
trajectories after ﬁtting all frames to the starting structure. The contributions were
not reweighted; all trajectory frames contribute equally to the displayed values.
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Figure 2.F.2. Most favorable docked pose (based on DOCK grid score-based bind-
ing energies) for the docked conformation of each docked substrate. The residues of
the catalytic triad are shown as orange spheres and the crystal structure (PDB code
1LBS) as a grey outline. Only catalytically competent conformations are considered
(i.e. the distance between the substrate ester carbon and the oxygen of S105 is less
than 0.6 nm).
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Figure 2.F.3. Conformational distribution of CalB in the presence of a model
hydrophobic slab of 3 nm thickness. (a, b) Bottom a) and side b) view of CalB.
The protein is shown in the orientation used for the slab energy calculations. The
slab exists in the x-y plane, approaching from the viewpoint shown in panel a).
c) Occupancy proﬁle of the insertion depth (deﬁned as the distance between the
hydrophobic slab surface and the farthest inserted point on the protein) for the
cluster from each conformational class that is most heavily occupied in the presence
of a 3.0 nm slab. The center of mass of the distribution is shown as a dashed line.
d) Occupancy proﬁle for the polar angle (i.e. CalB orientation; ϕ in Figure 2.5a
for the same clusters shown in panel c). The protein was initially aligned manually
to present the active site cleft to the slab, as shown in panel a); larger values of ϕ
indicate more substantial rotation away from this orientation.
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3.1 Introduction
The previous chapter concluded that Candida antarctica lipase B (CalB) is an
interfacially activated enzyme and that interfacial activation depends both on
the bulkiness of the substrate and on the hydrophobicity of the interface.1 This
conclusion is supported by ensemble activity measurements and by molecular dy-
namics simulations. These simulations provided structural insight into the acti-
vation mechanism, showing that only highly open conformations are able to bind
large substrates. The simulations further conﬁrmed that this open conformation
is favored in a hydrophobic environment. The observed activity increase in the en-
semble measurements may originate from a larger number of active enzymes in the
sample. Alternatively, individual enzymes may become more active when binding
to the hydrophobic surface. The active site titration experiment (Chapter 2, Table
2.1) showed that the fraction of active enzymes did not change signiﬁcantly when
the enzyme was immobilized to surfaces of diﬀerent hydrophobicity. This result
suggests that interfacial activation originates from increased activity of the active
fraction of enzymes.
Assuming that CalB shows dynamic disorder, this directly leads to the next
question: does interfacial activation increase the duration of highly active phases,
do active phases occur more often or does the turnover rate increase while CalB
resides in an active phase? Single-turnover experiments can potentially answer
this question directly. In the initial single-molecule experiments by Velonia et
al.,2,3 only one enzyme was investigated and the focus of the study was mostly on
highlighting the experimental proof-of-principle. The most interesting result of this
experiment was that CalB was eﬀectively active for only 3 % of the measurement
time. This observation might directly explain the very low average turnover rates
observed in the ensemble measurements.1 No further analysis has been performed,
however, that would have allowed for answering the above question.
It is the goal of this chapter to answer this question and to prove or disprove
the existence of dynamic disorder. Based on the results of chapter 2, the most
interesting surfaces (functionalized with propyl- and octyl-terminated silanes) were
chosen for the immobilization of CalB. Single-enzyme activity was measured using
the substrate ﬂuorescein dibutyrate (FDB) for which CalB showed the highest
activation in the ensemble measurements. A strong focus in the experiments was
given to the data analysis. The ON-OFF assignment required for the detection
of enzymatic turnover detection was performed using change point. analysis,4–7
This method is considered as the most accurate for the analysis of single-molecule
ﬂuorescence data.7
3.2 Results
3.2.1 Experimental design
The experimental design is shown in ﬁgure 3.1. CalB molecules, labeled with
the ﬂuorophore Alexa Fluor 488 (AF488), were adsorbed onto a glass coverslip
Processed on: 10-11-2016
506322-L-bw-Turunen
3.2 Results 59
that was functionalized with either a propyl- or octyl-terminated self-assembled
silane monolayer (SAM). The CalB-catalyzed hydrolysis of FDB to ﬂuorescein
was monitored in real time using a confocal ﬂuorescence microscope (CFM). To
allow for a direct comparison with the ensemble activity measurements, FDB was
used in the same concentration as previously described (10 μM). To conﬁrm if
the ﬂuorescence ﬂuctuations indeed originate from the enzymatic reaction, the
following control experiments were performed:
1. The substrate solution was tested on a clean coverslip to determine the
number of product molecules (ﬂuorescein) in the substrate solution. In addition,
also the diﬀusion time of the detected molecules was determined.
2. During all activity measurements, ﬂuorescence ﬂuctuations were not only
measured at the positions of enzymes, but also on empty locations on the same
sample. Substrate was further added onto a silanized surface that did not contain
enzymes. These measurements should reveal if the substrate is able to interact
with the silanized surface non-speciﬁcally.
3. To test if product molecules (ﬂuorescein) interact with the surface or with
the enzyme, additional experiments were performed where FDB was replaced with
ﬂuorescein (at a concentration of 5 nM). The data obtained was analyzed using
autocorrelation analysis to obtain information about the temporal ﬂuctuations in
ﬂuorescence intensity (ﬂuorescence correlation spectroscopy; FCS). To obtain the
sequence of enzymatic turnovers, the ON-OFF assignment was performed using
change point analysis. A detailed description of the methods used is described in
the experimental section.
Figure 3.1. Experimental design for measuring single-enzyme activity of CalB
using ﬂuorescein dibutyrate (FDB) as substrate. Surfaces: Propyl-terminated SAM
R = (CH2)2CH3, Octyl-terminated SAM R = (CH2)7CH3.
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3.2.2 Fluorescence correlation spectroscopy of the substrate
solution
A control experiment was performed to characterize the purity of the FDB solu-
tion. In the measurement, 200 μL of substrate solution (10 μM) was pipetted onto
a clean coverslip placed in the microscope sample holder. The confocal focus was
then positioned on the surface of the coverslip in a similar way as in the activity
measurements. The intensity time trace (60 s total measurement time, bin size
1 ms; Figure 3.2a) does not show any strong ﬂuctuations in the ﬂuorescence signal.
Figure 3.2b shows a normalized intensity distribution together with a Poissonian
ﬁt. The data clearly deviates from a Poissonian distribution at higher intensities.
This deviation is expected when measuring a dilute dye solution with confocal de-
tection.8 The broadening of the intensity distribution originates from the diﬀusion
of single ﬂuorescent molecules through a detection volume that is characterized by
a non-uniform illumination proﬁle (Gaussian point spread function).
Figure 3.2. FCS measurement of the FDB solution (10 μM) on a clean coverslip. a)
Intensity time trace of a 60 s measurement (1 ms bin size). b) Intensity distribution
with a single Poissonian ﬁt (red line). c) FCS autocorrelation curve with a 2D, one
component diﬀusion ﬁt (N = 2.2, τD = 34.6 μs).
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The calculated FCS autocorrelation function of the recorded time trace is
shown in Figure 3.2c. The simpliﬁed 2-dimensional, one-component diﬀusion
model ﬁts well to the data. The average number of ﬂuorophores in the detec-
tion volume N = 2.2 and corresponds to a low nanomolar (nM) concentration of
product (ﬂuorescein) in the substrate solution. No other ﬂuorescent species were
detected.
3.2.3 Enzyme immobilization on the silanized surface
Prior to performing single-molecule activity measurements, the immobilization of
CalB to the silanized glass coverslips was optimized. To be able to distinguish sin-
gle CalB enzymes on the surface, the enzyme concentration needs to be adjusted
to obtain a very low surface coverage. The optimal concentration was found to
be in the range from 10 – 100 pM. Example confocal scans obtained when using a
concentration of 100 pM CalB are shown in Figure 3.3a (propyl) and Figure 3.3b
(octyl). Control scans depicting only the silanized surfaces without enzymes (Fig-
ure 3.3c propyl, Figure 3.3d octyl) show that the surfaces do not contain signiﬁcant
ﬂuorescent impurities. To prove that the ﬂuorescent spots indeed represent a sin-
gle enzyme, the ﬂuorescent label was bleached. A typical time trace of bleaching
the label of single CalB is shown in Figure 3.3e, indicating single step bleaching
and, consequently, the presence of a single dye molecule.
Figure 3.3. Confocal scans (10 × 10 μm) of AF488 labeled CalB immobilized on
propyl- a) and octyl-functionalized b) surfaces. Corresponding control measurement
with propyl- c) and octyl-functionalized d) surfaces containing no enzyme. e) Typical
intensity time trace obtained when bleaching the AF488 label that is coupled to CalB.
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3.2.4 Single-molecule activity measurements
Before single-molecule activity measurements were started, a solution of FDB was
pipetted onto the sample in the CFM and a ﬂuorescence time trace was recorded
on an empty position on the surface (see Experimental section for details). The
focus was then moved to a position where an enzyme was located. If no signiﬁ-
cant bursts of ﬂuorescence were observed, the focus was moved on to the position
of another enzyme. As a general observation, for both the propyl- and octyl-
functionalized surfaces, clear ﬂuorescence ﬂuctuations were only found for a small
fraction of ﬂuorescently labeled enzymes. On the other hand, a small number of
enzyme free locations were found on the surface that showed continuous ﬂuores-
cence ﬂuctuations (called bright spots in the following). These bright spots may
represent enzymes that do not carry a ﬂuorescence label. As bright spots were
also detected on a silanized surface without enzymes, it appears more likely that
these bright spots have a diﬀerent origin. In general, the amount of bright spots
was signiﬁcantly lower than the number of enzymes. Considering the low amount
of active enzymes, however, these bright spots were also analyzed for comparison.
Change point analysis results of representative single-molecule activity mea-
surements and the corresponding control measurements are summarized in Table
3.1. The average OFF-state intensities 〈Ioff 〉 are suﬃcient for change point analy-
sis to be accurate.7 The signal-to-noise ratios (SNRs) are in the range of 2.5 – 2.6,
except for the measurements performed on propyl-functionalized surfaces, where
both the enzyme and the control measurements show higher SNR. These diﬀer-
ences could originate from a slight variation in the microscope alignment between
diﬀerent measurements. The turnover rates extracted from the enzyme data on
both surfaces are similar, around 30 s−1. The turnover rates are also high, however,
for the control measurements where no enzymatic activity is present. These high
turnover rates may be an artifact of change point analysis that detects lower inten-
sity ﬂuctuations in the absence of real turnovers. Alternatively, these events may
originate from accumulated product molecules that diﬀuse through the detection
volume. Signiﬁcant diﬀerences between enzyme and control data can be observed
in the average ON-times 〈ton〉. For the enzyme data, the average ON-times are
2.4 ms and 3.4 ms for the propyl- and octyl-functionalized surfaces, respectively.
These ON-times are longer than the corresponding ON-times detected on empty
locations and for the positions of bright spots, clearly showing that the analyzed
enzymes are active.
Processed on: 10-11-2016
506322-L-bw-Turunen
3.2 Results 63
Table 3.1. Summary of change point analysis results obtained from the example
data shown in Figures 3.4 and 3.5. (P) and (O) correspond to propyl- and octyl-
functionalized surfaces, respectively. Shown are the average OFF- and ON-state
intensities 〈Ioff 〉 and 〈Ion〉 (s−1) respectively, SNR, average turnover rate 〈k〉 (s−1
and average OFF- and ON-times 〈toff 〉 and 〈ton〉 (ms), respectively.
〈Ioff 〉 〈Ion〉 SNR 〈k〉 〈toff 〉 〈ton〉
Enzyme (P) 2662 13102 4.92 31.2 29.7 2.4
Background (P) 4661 17954 3.85 64.8 14.7 0.8
Bright spot (P) 3975 12004 3.01 27.9 34.1 1.7
Enzyme (O) 5681 14329 2.52 30.4 29.6 3.4
Background (O) 4990 12627 2.53 33.9 27.5 1.9
Bright spot (O) 4417 12411 2.81 28.8 32.0 2.5
A more detailed analysis of the recorded time traces for the propyl- and octyl-
functionalized surfaces is shown in Figures 3.4 and 3.5, respectively. For all mea-
surements, the ﬁgures show a 100 s section of the intensity time trace (1 ms bin
size) (a), a corresponding intensity distribution (b) and a normalized FCS autocor-
relation curve of the full 15 min trace (c). The FCS autocorrelation graphs further
contain a one-component, 2D-diﬀusion ﬁt of the background measurement. The
OFF- and ON-time distributions obtained using change point analysis are pre-
sented in (d) and (e), respectively.
When comparing the binned intensity time traces and the intensity distri-
butions, the enzyme data show the strongest ﬂuorescence ﬂuctuations on both
surfaces. Also the bright spot shows ﬂuorescence ﬂuctuations that are clearly de-
tectable above the background. The normalized intensity autocorrelation curves
reveal the average timescales of the underlying processes. The autocorrelation
curves of the enzyme activity time traces are expected to contain contributions
from enzymatic activity (ﬂuorophore formed and released by the enzyme; mil-
lisecond timescale) and also from product molecules that simply diﬀuse through
the confocal volume. The time traces measured on both surfaces at the posi-
tion of an enzyme clearly show these two components. They further show the
strongest correlation in the time window from 0.1 – 100 ms. For the background
time traces the autocorrelation curve is expected to contain only a contribution
from product diﬀusion. Here, a clear diﬀerence was observed between the propyl-
and octyl-functionalized surface. The autocorrelation curve of the control time
trace measured on the propyl-functionalized surface (Figure 3.4c) is ﬁtted well
with the one-component, 2D diﬀusion ﬁt, showing that the signal only consists
of product diﬀusion. The control time trace for the octyl-functionalized surface,
however, does not fully ﬁt with the one-component diﬀusion model, particularly
on the millisecond timescale (Figure 3.5c). This behavior was generally observed
in all the measurements on the octyl-functionalized surfaces. This additional cor-
relation component was also detected for the bright spot control measurements on
both surfaces. But the correlation is not as strong as for the enzyme activity time
traces.
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Figure 3.4. Example CalB activity measurement performed on the propyl-
functionalized surface. Blue represents the enzyme data, while red corresponds to
the background measurement (recorded at an empty location on the same sample).
The green trace was obtained from a bright spot in a control sample that did not
contain enzymes. a) Fluorescence intensity time traces obtained when using a 1 ms
bin size. b) Intensity distributions and c) normalized intensity autocorrelation func-
tions of the corresponding time traces. The black line represents a one-component,
2D diﬀusion ﬁt of the background ﬂuorescence on the empty location (red). d) and e)
ON and OFF dwell-time histograms of the time traces obtained using change point
analysis.
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Figure 3.5. Example CalB activity measurements performed on the octyl-
functionalized surface. Blue represents the enzyme data, while red corresponds to
the background measurement (recorded at an empty location in the same sample).
The green trace was obtained from a bright spot in a control sample which did not
contain enzymes. a) Fluorescence intensity time traces obtained when using a 1 ms
bin size. b) Intensity distributions and c) normalized intensity autocorrelation func-
tions of the corresponding time traces. The black line represents a one-component,
2D diﬀusion ﬁt of the background ﬂuorescence on the empty location (red). d) and e)
ON and OFF dwell-time histograms of the time traces obtained using change point
analysis.
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The OFF-time histograms show an identical decay proﬁle for all measurements
(Figure 3.4d and Figure 3.5d). The decay appeards to be mono-exponential (as
seen from the straight line in the log-linear plot). A mono-exponential decay is
expected for a stochastic process, such as Brownian diﬀusion or enzymatic activ-
ity in the absence of dynamic disorder. Only for very short OFF-times a small
kink is observed. Change point analysis has a tendency to underestimate short
OFF-times, which suggests that the fast decay component is most likely not an
artifact from the data analysis.7 The ON-time distributions show the presence of
longer ON-times for the enzyme activity traces, which is consistent with the longer
average ON-times reported above (Figure 3.4e).
In summary, the data suggests that CalB activity is detected both on the
propyl- and octyl-functionalized surfaces. The enzyme data clearly deviates from
the control measurements performed on the empty surface, showing both a stronger
autocorrelation on the millisecond timescale as well as longer ON-times. These
features are also detected for the data measured on the bright spots, however, even
though they are less dominant. Based on these results, it appears less likely that
the signals measured on a bright spot indeed originate from non-labeled enzymes.
Instead they may originate from a non-speciﬁc interaction of substrate or product
molecules with certain regions (e.g. defects) on the surface.
To test if product molecules interact with the silanized surface or with the en-
zyme, time traces were recorded at the location of an enzyme using a ﬂuorescein
solution (5 nM; Figure 3.6). A corresponding experiment was performed using
an enzyme-free, non-functionalized surface. The intensity distributions (Figure
3.6a) and the autocorrelation curves (Figure 3.6b) do not show any extra ﬂuc-
tuations or long correlation components. All OFF-time distributions possess an
identical shape (Figure 3.6c) and show mostly mono-exponential behavior with a
small kink in the short OFF-time region, similar as observed for the enzyme
activity measurements. This suggests that the kink does not originate from the
enzymatic reaction, as it is even present when measuring product diﬀusion on a
clean coverslip. All ON-time distributions (Figure 3.6d) show a clear deviation
from the mono-exponential decay. No long ON-times are detected, however, as
it was seen in the measurements with substrate. The result from this control ex-
periment consequently rules out the possibility that the ﬂuctuations seen in the
bright spots originate from the interaction of product molecules with the silanized
surface. The ﬂuctuations are only present when the FDB substrate is present on
the silanized surfaces.
Table 3.2. The change point analysis results of the ﬂuorescein control experi-
ments. Shown are average OFF- and ON-state intensities 〈Ioff 〉 and 〈Ion〉 (s−1)
respectively, SNR, average turnover rate 〈k〉 (s−1) and average OFF- and ON-
times 〈toff 〉 and 〈ton〉 (ms) respectively.
〈Ioff 〉 〈Ion〉 SNR 〈k〉 〈toff 〉 〈ton〉
Clean 5050 13293 2.63 35.6 26.8 1.3
Propyl 4510 11832 2.62 29.7 32.2 1.5
Octyl 5235 13518 2.58 38.2 24.8 1.3
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Figure 3.6. Control experiments measured when using a solution of product
molecules (5 nM ﬂuorescein) instead of the substrate. The measurements (60 s per
sample) were performed on a non-functionalized coverslip (clean) and on an enzyme
position on both the propyl- and octyl-functionalized surfaces. a) The intensity dis-
tributions and b) the intensity autocorrelation functions of the corresponding time
traces. The red line corresponds to a one-component, 2D diﬀusion ﬁt to the mea-
surement performed on the clean coverslip. c) and d) Dwell-time histrograms of the
time traces obtained using change point analysis.
3.3 Discussion
Change point analysis and FCS autocorrelation analysis results of the representa-
tive enzyme and control experiments show that CalB activity is observed on both
the propyl- and octyl-functionalized surfaces. Considering the intensity of the dif-
ferent components in the autocorrelation graph, however, it appears likely that the
majority of detected events originates from product diﬀusion. Thus, quantitative
kinetic information and insight about the possible presence of dynamic disorder
cannot be obtained.
Although a quantitative analysis of single-enzyme activity was not possible, the
diﬀerence between the single-molecule (∼30 s−1) and the ensemble turnover rates
(0.0034± 0.0025 s−1 for the propyl and 0.0213± 0.0063 s−1 for the octyl surface)
is signiﬁcant. Even if assuming that 99 % of the turnovers are originating from
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product diﬀusion, the single-molecule rates are at least 1 order of magnitude higher
than the ensemble rates. Thus, it can be speculated, that the small fraction of
active enzymes exhibits a very high average activity and that only a low fraction of
active enzyme is preset on the surface. This result is in stark contrast to the active
site titration experiment (see Chapter 2, Table 2.1), which showed that 60 % of the
enzymes remained active when immobilized onto the surfaces. A direct comparison
with the FDB activity measurements is problematic, however, as the size of the
suicide inhibitor methyl-4-methyl-umbelliferyl hexylphosphonate is signiﬁcantly
smaller than FDB (see experimental section of Chapter 2 for details).
The molecular dynamics simulations presented in the previous chapter have
shown that the hydrophobic surface aﬀects the probability for the enzyme to re-
side in the optimal conformation for binding and hydrolyzing FDB. The best
conformation for FDB binding was very open, energetically disfavoured and rare.
Considering that this catalytically competent conformation is separated from the
more closed conformations by a high energy barrier, it may be speculated that
these diﬀerent conformations do not exchange during the time scale of the exper-
iment. Conformational changes on long time scales cannot be excluded, however,
and have been detected for other enzymes such as β-galactosidase.9 Unfortunately,
the quality of the data is not suﬃcient to detect and quantify such long-lived ac-
tivity states.
In view of this, it does not seem likely that the hydrophobic surface introduces
new states or increases the activity of active states. It is far more likely, that the
activity increase results from the higher probability of the enzyme to reside in an
active conformation. This is also supported by the observation that active enzymes
showed very similar behavior on both the propyl- and octyl-functionalized surfaces.
In the single-molecule experiments, only those enzymes are detected that are in
their active phase and their average activities appear to be very similar. In turn,
one would expect a higher amount of active enzymes on the octyl-functionalized
surface, however, a much larger number of enzymes would have to be measured
before any statistically signiﬁcant conclusions can be drawn.
Even though many aspects discussed above point into the same direction, no
conclusive evidence about the proposed mechanism could be obtained. This study
highlights the current bottlenecks of single-turnover detection. A clear issue is the
presence and diﬀusion of product molecules that are detected as turnover events.
This is a problem with both threshold and change point analysis. For change point
analysis is it currently not clear if fast diﬀusing ﬂuorophores are always detected
as ON-states or if this probability is higher in the absence of real enzymatic
turnovers. A better SNR is clearly required to solve this issue.
Despite this remaining problem, the results shown here clearly highlight one
crucial advantage of change point analysis. It provides more accurate ON-time dis-
tributions than threshold analysis where the duration of an ON-time is very close
to the chosen bin size. The ON-times have not received much attention in previous
single-molecule enzyme experiments.2,3,10–13 In the experiments performed here,
the comparison of the ON-time distributions revealed the presence of enzymatic
activity. One might even argue that it may become possible to quantitatively sep-
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arate diﬀusion events from enzymatic turnovers provided that data with a better
SNR is available.
CalB as a model system illustrates the limitations of the substrate in the con-
text of accurate single turnover detection. FDB is a double-substituted substrate.
In the ensemble measurements, only the hydrolysis of the substrate FDB to the in-
termediate ﬂuorescein monobutyrate (FMB) was analyzed.1 It is not known if the
brightness of FMB is high enough to be detected in a single-molecule experiment.
In the case of ﬂuorescein diacetate (FDA) the mono-substituted intermediate is
about a factor 30 less ﬂuorescent than the ﬁnal product ﬂuorescein.14,15 Thus it
was assumed that only the second reaction step from FMB to ﬂuorescein is de-
tected in the single-molecule experiments, in principle prohibiting a quantitative
comparison of ensemble and single-molecule rates. Substrates with 1:1 stoichiome-
try are clearly a prerequisite for accurate turnover detection both at the ensemble
and the single-molecule level.
Another issue with the substrate is its possible interaction with the silane
surface, which was occasionally observed on both propyl- and octyl-functionalized
surfaces (bright spots). The source of this interaction remains unknown. One
possibility is that FDB interacts with defects in the silane monolayer, remains
bound to the surface and hydrolyzes. The presence of these non-speciﬁc turnovers
highlights the importance of performing all possible control experiments.
To improve the experiment and to obtain more conclusive results, the following
suggestions could be implemeted. The enzyme could be labeled with a ﬂuorophore
that has diﬀerent excitation and emission wavelengths as the product. In this
way, enzyme positions could be unambiguously discriminated from areas where
the substrate interacts with the surface non-speciﬁcally. A total internal reﬂection
ﬂuorescence (TIRF) microscope with CCD camera detection would allow for mon-
itoring several single enzymes simultaneously in real time with a reduced detection
volume due to the evanescent ﬁeld excitation. The TIRF experiment could thus
provide more quantitative statistical information about static heterogeneities on
the diﬀerent surfaces. All these experiments also require a better SNR and sub-
strates with 1:1 stoichiometry, however, to improve the accuracy and applicability
of single-enzyme experiments.
3.4 Conclusions
In summary, single-molecule experiments of CalB were performed to investigate
interfacial activation on hydrophobic surfaces. Based on the results of chapter
2, the most interesting surfaces, containing propyl- and octyl-terminated silanes,
were chosen for the immobilization of CalB. CalB activity was measured using the
substrate FDB, for which CalB showed the highest activation in ensemble mea-
surements. Qualitatively it can be concluded that hydrophobic surfaces increase
the probability for CalB to reside in an active conformation. Collecting data with
suﬃcient quality and statistical signiﬁcance proved to be extremely challenging,
prohibiting a quantitative kinetic analysis. A more detailed analysis of CalB ac-
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tivation and the presence of dynamic disorder requires a better SNR as well as
stable, mono-substituted ﬂuorogenic substrates. In the next chapter, potential
solutions for improving single-molecule experiments are reviewed in more detail.
Acknowledgements
Themistoklis Zisis is acknowledged for performing the expression, puriﬁcation and
labeling of the enzyme as well as the sample preparation. Dr. Hans Engelkamp
is acknowledged for helping to set up the FCS analysis. Dr. Chun Biu Li is
acknowledged for providing the change point analysis code.
3.5 Experimental
Preparation of Alexa Fluor 488 labeled CalB
The enzyme used for the single-molecule experiments was expressed and puriﬁed
using the protocol described in the appendix of chapter 2. All enzyme samples used
here lacked the N-terminally fused, truncated version of the GCN4 peptide. CalB-
His was labeled with AF488 as described in the appendix of chapter 2. The labeling
ratio (0.84 dye molecules/protein) was determined from absorbance measurements
at 280 nm and 495 nm (AF488). The sample was divided into 20 μl aliquots and
stored at -80 ◦C.
Enzyme immobilization on silanized coverslips
The coverslips were silanized as described in chapter 2 appendix using either
propyl-terminated ((CH2)2CH3) or octyl-terminated ((CH2)7CH3) trimethoxysi-
lane. Following silanization, 50 μl of the enzyme solution (dissolved in activity
buﬀer, 50 mM NaH2PO4 pH 7.0, 150 mM NaCl) was incubated on the silanized
coverslip for approximately 30 minutes in a humid atmosphere. The enzyme con-
centration was varied between 10 – 100 pM. Following incubation, the samples
were rinsed extensively with ultrapure water and dried under a stream of nitrogen
gas.
Confocal Microscope setup
A custom-built confocal ﬂuorescence microscope was used for all single-molecule
measurements. The microscope was based on an inverted optical microscope
frame (Axiovert 200; Zeiss). It was equipped with an oil-immersion objective
(Zeiss Fluar, 100x, NA = 1.3) and a 485 nm diode laser (LDH-D-C-485, Pico-
Quant). The laser light was guided to the microscope through a single-mode
optical ﬁber (HP460, Thorlabs). An excitation ﬁlter (475/25 band-pass, Sem-
rock) was used for cleaning up the laser light. Fluorescence emission from the
sample was separated from reﬂections and scattered light using a dichroic mir-
ror (505dcxr, Chroma), a band-pass ﬁlter (HQ525/50M, Chroma) and a long-pass
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ﬁlter (HQ500LP, Chroma). The signal was then guided through a 100 μm pin-
hole and focused onto an avalanche photo diode detector (SPCM-AQR-14, Perkin
Elmer). The detected photons were recorded using a data acquisition card (PCI-
6036E, National Instruments) and a LabView 7.1 (National Instruments) program
developed in-house. Scanning was performed using the xy-scanner of an atomic
force microscope (AFM; JPK Nanowizard I) that was integrated with the confocal
microscope. For this purpose, the signal was routed into the TAO (tip-assisted
optics) module of the AFM.
Single-molecule activity and control measurements
The coverslip was placed into the microscope sample holder and 400 μl of the
substrate (or product) solution was added onto the coverslip. To allow a direct
comparison with the ensemble activity measurements, an FDB concentration of
10 μM was used, dissolved in the same activity buﬀer (with 10 % DMSO). An
area was scanned to locate individual enzymes on the surface. To record enzyme
activity, the focus was moved to the position of an enzyme (identiﬁed by its AF488
label). If ﬂuorescence ﬂuctuations emerged at this position, the signal was recorded
for 15 minutes. If no ﬂuctuations were observed, the focus was moved to another
enzyme position. For the control experiments, the focus was moved to an enzyme-
free position on the surface.
Data analysis
Variety of data-analysis techniques were used to extract information from the
recorded macro time traces. The binned intensity time traces was used to visu-
ally observe the ﬂuorescence intensity ﬂuctuations. Fluorescence correlation spec-
troscopy (FCS) autocorrelation analysis was used to provide information about the
average time scale of the ﬂuctuations. The ON-OFF assignment for the kinetic
analysis was performed by applying change point analysis for the recorded macro
time traces.
Autocorrelation analysis
Fluorescence correlation spectroscopy (FCS) is a powerful and widely used statis-
tical analysis tool for extracting temporal information from measured ﬂuorescence
ﬂuctuations.16,17 In FCS, the time dependencies of the intensity ﬂuctuations in
the recorded time trace are analyzed using an autocorrelation function. The au-
tocorrelation function G(τ) for the measured intensity time trace F (t) is deﬁned
as
G(τ) =
〈δF (t)δF (t+ τ)〉
〈F (t)〉2 , (3.1)
where δF (t) and δF (t+ τ) are the intensities at the time t and t+ τ , respectively.
〈F (t)〉 represents the average intensity of the time trace. In this chapter, the
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autocorrelation functions of the recorded data were calculated oﬀ-line, using a
custom-made Matlab algorithm based on photon-pair correlation.18 The algorithm
is applied directly to the macro-time trace and computes the correlation function
from the inter-photon distances. The main advantage of this algorithm is that
it does not require any preprocessing of the data, such as binning to obtain an
intensity time trace. Physical processes (e.g. diﬀusion) can be identiﬁed and
quantiﬁed when ﬁtting the autocorrelated data with an appropriate model. In
this chapter, a molecular diﬀusion model was used to obtain information about
the concentration of the ﬂuorophores and the timescale of the diﬀusion process.
For a three-dimensional Gaussian point spread function (valid for a typical confocal
detection volume) the diﬀusion model19 can be written as
G(τ) =
1
N
(
1 +
τ
τD
)−1(
1 +
τ
s2τD
)−1/2
, (3.2)
where N is the average number of molecules in the volume, τD is the molecular
diﬀusion time and s represents the structural parameter which is deﬁned as a ratio
of the 1/e2 radii of the vertical z0 and horizontal r0 direction of the detection
volume s = z0/r0. The equation 3.2 can be simpliﬁed with a two-dimensional
approximation (z0 →∞) to a form of
G(τ) =
1
N
(
1 +
τ
τD
)−1
, (3.3)
which contains only two ﬁt parameters. This 2D-approximation can describe the
data suﬃciently when using a large pinhole (100 μm), which leads to a highly
elliptical detection volume in the z-direction (z0 � r0).
Change point analysis
Change point analysis was applied to the macro-time traces using an algorithm
originally developed by the group of Haw Yang4 (1.11-Linux-GNU build 20081221,
GSL version 1.15). The following parameters were used: Type-I error 5 , selection
conﬁdence interval 69 , maximum number of states 2 . The change point inter-
vals obtained were subjected to a second change point analysis step to discriminate
between high intensity (ON) and low intensity (OFF) intervals. A custom-built
Mathematica algorithm was used, which is described in detail in the supporting
information of Terentyeva et. al.7 Brieﬂy, the intensities of each change point
interval were calculated (photon counts divided by the duration of the interval).
The change point intervals were then sorted in ascending order according to their
intensities. Change point analysis was applied to detect the most signiﬁcant jump
in intensity between all sorted change point intervals. In the ﬁnal step, the change
point intervals were deﬁned as ON- or OFF-state, depending on the their intensity
relative to the threshold value. To account for slow background intensity ﬂuctua-
tions, the second change point analysis step was not applied to the complete time
trace, but only to segments consisting of 100 change points. For further analysis
of the ON-OFF binary traces custom-built Matlab scripts were used.
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CHAPTER 4
Strategies for improving single-enzyme
experiments
Part of this chapter is adapted from: P. Turunen, A. E. Rowan and K. Blank, “Single–
enzyme kinetics with ﬂuorogenic substrates: lessons learnt and future directions“, FEBS Lett.
2014, 588, 3553–3563.
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4.1 Introduction
Single enzyme experiments with ﬂuorogenic substrates can potentially provide
new insight into enzyme catalysis.1–9 Signiﬁcant technological bottlenecks remain,
however, that limit the accuracy of these measurements and question the data
interpretation. Single-enzyme measurements with α-chymotrypsin7 (reviewed in
Chapter 1) were limited by the low brightness of the detected intermediate and,
consequently, a low signal-to-noise ratio (SNR). The low SNR was also the main
limitation in the single-enzyme experiments of Candida antarctica lipase B (CalB)
in Chapter 3. In the CalB experiments, diﬀusing product molecules raised the
background intensity and diﬀusion events were falsely detected as turnovers. In
both series of experiments, the double-substituted nature of the substrate pre-
vented an accurate kinetic analysis.
These examples illustrate that advanced data analysis methods alone cannot
improve the accuracy of single-turnover detection. Even change point analysis, as
an objective method, cannot detect the intensity change points reliably if the SNR
of the data is not suﬃciently high. The observation that no dynamic disorder was
detected for α-chymotrypsin does not exclude its existence. New developments,
addressing both the ﬂuorogenic reporter systems and the measurement setups are
required before single-turnover measurements can facilitate a more detailed kinetic
analysis and ultimately become a standardized tool for biochemistry.
The double-substituted nature of currently used ﬂuorogenic substrates com-
plicates both ensemble and single-molecule measurements. Fluorogenic substrates
that possess 1:1 stoichiometry and yield a product of high brightness are obviously
needed. Confocal techniques are highly powerful and allow for single-molecule de-
tection with a high time resolution. The detection volume is deﬁned by the diﬀrac-
tion limit, however, restricting the range of ﬂuorophore concentrations allowed in
the sample. Single-molecule occupancy in a diﬀraction-limited, femtoliter-sized
detection volume corresponds to picomolar to nanomolar ﬂuorophore concentra-
tions. This often prevents the use of substrate concentration above the KM value.
Single-molecule measurements of α-chymotrypsin are the only example where it
was possible to carry out single-turnover detection at substrate concentrations
above the (apparent) KM value of the reaction. This is not possible for a large
number of other enzymes, questioning the biological relevance of single-turnover
experiments.
The use of nanophotonic structures is one strategy that has the potential to
overcome these limitations. These structures facilitate a drastic reduction of the
size of the detection volume by either conﬁning or locally enhancing the excitation
light. In this chapter, recent eﬀorts aimed at the development of next-generation
ﬂuorogenic substrates and of detection schemes based on nanophotonic structures
are reviewed. When combined, these developments, will ultimately lead to single-
enzyme measurements with drastically improved SNRs under biologically relevant
conditions.
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4.2 Fluorogenic substrates for single-enzyme ex-
periments
Fluorogenic substrates are very powerful reporter systems. They are the only avail-
able reporter system that allows for monitoring long reaction sequences in single-
enzyme experiments.1–9 Currently used substrates were not designed for perform-
ing single-molecule experiments, however, and they possess a number of problems
as illustrated in the following for Rhodamine 110 (Rh110) and ﬂuorescein-based
substrates. Both Rh110 and ﬂuorescein are commonly used for the synthesis of
ﬂuorogenic substrates. They are both bright ﬂuorophores that are easily detected
in a single-molecule experiment. They contain two functional groups, however,
that are usually substituted with an enzyme cleavable group during substrate syn-
thesis. Double-substituted substrates are cleaved in a two-step reaction, involving
a less ﬂuorescent intermediate. Depending on the brightness of the intermedi-
ate, there is a high chance that turnover events are missed with serious eﬀects on
the kinetic analysis. It is highly crucial for future single-enzyme experiments to
develop, characterize and eventually optimize mono-substituted ﬂuorogenic sub-
strates. These next-generation substrates need to be non-ﬂuorescent and yield a
highly ﬂuorescent product after enzymatic cleavage. Furthermore, the substrate
needs to be stable and have a low autohydrolysis rate. Autohydrolysis does not
only reduce the SNR. It also limits the usable concentration range to values below
the KM value of the enzyme where the catalytic rate is determined by substrate
diﬀusion. This section provides an overview of mono-substituted substrates that
are currently available for diﬀerent enzyme classes.
4.2.1 Substrates for proteases
Fluorogenic substrates for proteases can be synthesized using Rh110 or cresyl vio-
let. Both ﬂuorophores contain two functional groups in their original form. Cresyl
violet-based substrates have been shown to possess fast autohydrolysis making
them less suitable for single-molecule experiments.10
In contrast Rh110-based substrates are signiﬁcantly more stable and provide
a good starting point for the development of next-generation protease substrates
with only one enzyme-cleavable group. The ﬁrst step towards the design of im-
proved Rh110-based substrates with 1:1 stoichiometry was the development of
Rh110 substituted with one urea-group, such as morpholinecarbonyl-Rhodamine
110 (MC-Rh110; Figure 4.1a).11,12 The brightness of mono-substituted Rh110
derivatives depends on the electronegativity of their substituent.11 Substituents
with a higher electronegativity cause a stronger distortion of the symmetry of
the xanthene unit of the ﬂuorophore, reducing both its extinction coeﬃcient and
its quantum yield. The extinction coeﬃcients and quantum yields of mono-
substituted Rh110 derivatives are summarized in Table 4.1. When comparing MC-
Rh110 with a mono-functionalized peptide-derivative sAAPF-Rh110, MC-Rh110
shows a signiﬁcantly higher extinction coeﬃcient and quantum yield than the
peptide-derivative which was detected as the reaction product in α-chymotrypsin
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Figure 4.1. Examples of Rhodamine 110-based protease substrates with 1:1 sto-
ichiometry. a) Urea-substitution of one amino-group of Rhodamine 110 yields a
mono-substituted derivative with a high brightness (e.g. morpholinecarbonyl Rho-
damine 110; MC-Rh110). As the urea group is not cleaved enzymatically, MC-Rh110
can be used as a ﬂuorescent product molecule. The second amino-group can be used
for coupling the peptide, yielding a substrate with 1:1 stoichiometry. b) The asym-
metric ﬂuorophore Singapore Green (SG) contains only one amino-group. Also in
this case, only one functional group is available for coupling the peptide. c) In the
case of hydroxymethyl Rhodamine 110 (HMRG) only one peptide needs to be cou-
pled to obtain a non-ﬂuorescent derivative due to spirocyclization of the structure.
experiments (Chapter 1, Figure 1.6). As the urea-bond is not cleaved enzymati-
cally, MC-Rh110 can be used as a new relatively bright ﬂuorophore. The remain-
ing amino-group of MC-Rh110 can be coupled to a peptide to yield a ﬂuorogenic
substrate with 1:1 stoichiometry (Figure 4.1a).
Another strategy to obtain a ﬂuorophore with only one amino-group for cou-
pling the peptide is the direct replacement of the amino-group with a diﬀerent
functional group. This strategy has been followed when synthesizing the ﬂuo-
rophore Singapore Green (SG; Figure 4.1b).13 SG is a hybrid of Rh110 and the
ﬂuorescein analogue Tokyo Green carrying one amino- and one hydroxyl-group
at the xanthene ring system. Both the quantum yield and the extinction coef-
ﬁcient of SG are rather low, however, and it is not clear if SG can be detected
in a single-molecule experiment (Table 4.1). A more recent approach is based on
a mono-substituted hydroxymethyl derivative of Rh110 (HMRG; Figure 4.1c).14
Coupling of only one peptide to HMRG induces a spirocyclization reaction that
disrupts the conjugated electron system of the xanthene unit. In this way a non-
ﬂuorescent compound is obtained. After enzymatic cleavage of the peptide, the
ﬂuorescent form of HMRG is recovered.
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Table 4.1. Fluorescence properties of mono-substituted Rh110 derivatives (Φ =
quantum yield, ε = extinction coeﬃcient).
Compound Φ ε [M−1 cm−1] Relative brightness
Rh110 0.97 69 000 1.00
sAAPF-Rh110 0.31 24 600 0.11
MC-Rh110 0.6 52 000 0.47
Singapore Green 0.5 28 500 0.21
HMRG 0.81 57 000 0.69
Protease substrates with 1:1 stoichiometry can also be designed when using
speciﬁc peptide sequences equipped with a Fo¨rster Resonance Energy Transfer
(FRET) reporter system. A FRET donor and a FRET acceptor are coupled to
speciﬁc positions on the peptide to allow for eﬃcient energy transfer in the intact
peptide.15–17 Upon cleavage, the ﬂuorophores become separated and no energy
transfer is possible anymore. The FRET acceptor can either be a ﬂuorophore16,18
or a quencher.15,17 Considering the use of these FRET-labeled peptides for single-
molecule experiments, the FRET pair needs to possess a high photostability and
brightness. Also the FRET eﬃciency needs to be optimized to minimize any
ﬂuorescence emission from the donor that would contribute to the background
signal. In Chapter 5, the characterization of a series of substrates based on FRET-
peptides is described and their applicability for single-molecule experiments is
discussed.
4.2.2 Substrates for glycosidases, phosphatases and
esterases
A range of ﬂuorophores with one functional group are available for synthesizing
substrates for glycosidases, phosphatases and esterases. The most commonly used
mono-substituted ﬂuorophores are coumarin, resoruﬁn and 7-hydroxy-9H-(1,3-
dichloro-9,9-dimethylacridin-2-one) (DDAO). While coumarin-based19–21 substra-
tes are commonly used in ensemble measurements, they have a very low brightness
and the ﬂuorescence excitation is below 450 nm, thus reducing their usefulness in
single-molecule experiments. Resoruﬁn is suﬃciently bright. But resoruﬁn-based
substrates suﬀer from strong autohydrolysis. Resoruﬁn β-D-galactopyranoside22
was used for single-turnover experiments of β-galactosidase.4 In this experiment,
an additional laser beam was introduced into the system that surrounded the de-
tection volume. In this way, diﬀusing resoruﬁn molecules could be bleached before
they entered the detection volume.
DDAO is a red-ﬂuorescent dye with excitation and emission maxima of 646 nm
and 659 nm, respectively. The DDAO-based substrate is ﬂuorescent. But its exci-
tation maximum is shifted by over 200 nm relative to the excitation maximum of
the product (460 nm vs. 610 nm). Using appropriate ﬁlters, the two species can
therefore be distinguished easily. A variety of DDAO-based enzyme substrates are
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Table 4.2. Fluorescence properties of mono-substituted ﬂuorescein derivatives
and the mono-substituted ﬂuorophores resoruﬁn and DDAO (Φ = quantum yield,
ε = extinction coeﬃcient).
Compound λex(nm) λem(nm) Φ ε (M
−1 cm−1) Relative brightness
Fluorescein 490 514 0.79 93 000 1.00
3-O-Me Fluorescein ” ” n.d n.d. -
Tokyo Green ” ” 0.85 n.d -
Resoruﬁn 563 587 0.74 62 000 0.62
DDAO 646 659 0.40 33 000 0.18
n.d. – not determined
available such as DDAO-phosphate23 for the detection of phosphate activity and
DDAO galactoside24 for the detection of β-galactosidase activity. Very recently,
DDAO-acetoxymethyl ether (DDAO-AME) was synthesized for measuring esterase
activity.25 While DDAO provides a stable platform for the synthesis of ﬂuorogenic
substrates, it has a relative low brightness resulting from its low extinction coef-
ﬁcient (Table 4.2). Thus DDAO is signiﬁcantly less bright than other commonly
used red wavelength ﬂuorophores such as Cy5 (Φ = 0.27, ε = 250 000 M−1 cm−1)
and Alexa Fluor 647 (AF647, Φ = 0.33, ε = 270 000 M−1 cm−1). None of these
DDAO-based substrates have been used for single-turnover experiments so far.
As already mentioned above, ﬂuorescein contains two functional groups. Sev-
eral mono-substituted ﬂuorescein derivatives have been developed, similar to the
Rh110-based examples described above. In analogy to MC-Rh110, one hydroxyl
group of ﬂuorescein can be converted into a methoxy group to yield the ﬂuorophore
3-O-methyl ﬂuorescein (Figure 4.2a). This ﬂuorescein derivative has been used to
synthesize the phosphatase substrate 3-O-methyl ﬂuorescein phosphate.26 At this
moment, nothing is known about the brightness of this ﬂuorophore in comparison
to other weakly ﬂuorescent mono-substituted ﬂuorescein derivatives.27–30
A more versatile strategy for obtaining mono-substituted ﬂuorescein deriva-
tives is based on tuning the redox potential between the xanthene unit and the
benzene ring.31,32 This redox potential has a direct inﬂuence on the photophysi-
cal properties of ﬂuorescein derivatives. Making use of the ﬂuorescein derivative
TokyoGreen (TG, Figure 4.2b), it was possible to tune the system such that the
coupling of an enzyme-cleavable group changed the redox potential in a way that
the quantum yield was lowered to Φ = 0.01. After enzymatic cleavage the redox
potential was shifted back to its original value and the ﬂuorescence was recovered
(Φ = 0.85). In this way, enzyme substrates for β-galactosidase31 and alkaline
phosphatase33 have been synthesized.
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Figure 4.2. Examples of ﬂuorescein-based substrates with 1:1 stoichiometry. a)
The mono-substituted derivative 3-O-methyl ﬂuorescein is obtained when converting
one hydroxyl group of ﬂuorescein into a methoxy group. b) The mono-substituted
ﬂuorescein derivative Tokyo Green (TG) contains a methoxy group on the benzene
unit. The methoxy group is responsible for altering the redox potential between the
xanthene and benzene units. In addition, the carboxylic group in the benzene unit
is converted to a methyl group to stabilize the relative orientation of these units.
4.2.3 Summary
No enzyme substrate has been developed so far that fulﬁls all criteria desired for
performing a single-turnover experiment. Several well-characterized ﬂuorophores
contain only one functional group, however, they are either not suﬃciently bright
or do not yield substrates of suﬃcient stability for single-turnover experiments (e.g.
coumarin, resoruﬁn).Rh110 and ﬂuorescein are both bright and well-characterized
ﬂuorophores, but they contain two functional groups. Improving these ﬂuorophores
is a topic of intensive research and a range of mono-substituted derivatives are
available. None of these mono-substituted Rh110 and ﬂuorescein derivatives have
been tested in single-molecule experiments so far. Even though they appear to
have a high potential, it is currently also not clear if the substrates are indeed non-
ﬂuorescent and the products suﬃciently bright for single-turnover experiments.
In order to obtain a high SNR, the residual ﬂuorescence of the substrate is
crucial and critically determines the highest usable substrate concentration. In
currently used confocal detection schemes it is, for example, impossible to use the
mono-functionalized sAAPF-Rh110 intermediate as a substrate,7,11 even though
this is possible in ensemble experiments. In a single-molecule experiment, several
of these substrate molecules are always present in the detection volume. Even
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though the brightness of these molecules is low, they would still generate a strong
ﬂuorescence background reducing the SNR. This problem can be overcome with
the use of improved detection schemes based on nanophotonic metal structures
that reduce the eﬀective detection volume. In addition, due to the increased
SNR, these advanced detection schemes can potentially allow for using less bright
ﬂuorophores for single-enzyme experiments.
4.3 Nanophotonic structures for single-enzyme ex-
periments
The maximum concentration that still allows single ﬂuorophore occupancy in the
detection volume of diﬀraction-limited optics is in the low nanomolar range. This
is demonstrated routinely in ﬂuorescence correlation spectroscopy (FCS) experi-
ments where molecular diﬀusion can be measured with a high SNR.34,35 These
maximally allowed concentrations could become a problem in single-enzyme ex-
periments with ﬂuorogenic substrates. Even the most pure substrates contain at
least 0.1 % of ﬂuorescent product molecules. This is a direct consequence of the
synthetic procedure used to prepare these substrates, where the ﬂuorophore is
one of the starting materials. Following coupling of the functional groups, the
obtained ﬂuorogenic substrate needs to be separated from the starting material
(ﬂuorophore). Even with the best puriﬁcation procedure, trace amounts of ﬂuo-
rophore always remain in the newly synthesized substrate. Autohydrolysis of the
substrate can further lead to an increase in the ﬂuorophore concentration during
the experiments, thereby causing a decrease in the SNR over time. Whereas trace
amounts of impurities are usually not a problem in ensemble measurements, they
have a signiﬁcant eﬀect on the SNR in single-molecule experiments. Assuming
0.1 % of ﬂuorescent impurities, it is not possible to use substrate concentrations
above 10 μM as the substrate will contain 10 nM ﬂuorescent impurities. As the
average KM value of an enzyme is in the range between 100 μM and 1 mM (Figure
4.1), single-turnover measurements are generally limited to substrate concentra-
tions below theKM value. In this range, substrate diﬀusion to the active site might
become the rate-limiting step and determine the kinetic behavior of the enzyme.
Reducing the size of the eﬀective detection volume overcomes these problems,
but is a technologically challenging solution. Many technological developments
during the past decade have facilitated a reduction of the eﬀective size of the de-
tection volume.36 When using Total Internal Reﬂection (TIR) illumination the
size of the excited volume is deﬁned by an evanescent wave that decays exponen-
tially from the sample surface. In this way the excited volume is reduced in the
z-dimension. As a result, the eﬀective detection volume is approximately 2.5-fold
smaller than for confocal detection schemes.37,38 The Near-Field Scanning Optical
Microscope (NSOM) also makes use of an evanescent wave to excite ﬂuorescence
on a sample surface.39,40 The excited volume is spatially conﬁned at a scanning
probe tip that contains an aperture with a typical diameter of 50 nm. As the light
intensity is localized at the aperture, the size of the detection volume is reduced
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Figure 4.1. Distribution of KM values containing all enzyme-substrate pairs in the
BRENDA database. Data taken from http://www.brenda-enzymes.info/.
by approximately 1000-fold. NSOM is mainly an imaging technique that is not
easily applicable in single-turnover experiments. Tip fabrication is complex and
the tip would have to be placed close to the enzyme for the whole duration of the
measurement.
4.3.1 Zero-mode waveguides
As demonstrated by the NSOM, nanophotonic structures can oﬀer a powerful
strategy for conﬁning the excitation light. Zero-Mode Waveguides (ZMWs) use
the same fundamental operating principle as NSOM, but are more easily imple-
mented for single-turnover experiments. ZMWs are nanophotonic structures that
consist of an array of mostly round holes milled in an opaque metallic ﬁlm sup-
ported by a glass surface (Figure 4.2). When the hole diameter is well below the
excitation wavelength, no light above a certain cut-oﬀ wavelength can propagate
through the hole thus creating a decaying evanescent wave at the entrance of this
aperture. This cut-oﬀ wavelength and the attenuation factor of the propagating
modes depend on the shape and size of the aperture.41–43 In theory, the excited
volume in the apertures of a ZMW array is deﬁned by the diameter of the aper-
ture and the characteristic decay length of the evanescent wave. ZMW arrays are
usually fabricated using electron-beam lithography or focused ion-beam milling.
First, a 150 – 400 nm thick metal ﬁlm is deposited on a microscope cover slip. Alu-
minium or gold is generally used as a material. In the next step, apertures with
a typical diameter ranging from 30 to 250 nm are milled into the metal. The size
of these apertures ensures cut-oﬀ wavelengths in the 450 – 700 nm range, which is
the wavelength range required for the most commonly used organic ﬂuorophores.
The potential of ZMW arrays for reducing the size of the detection volume was
ﬁrst demonstrated in an FCS measurement where the diﬀusion of Rh110-labeled
dCTP nucleotides was observed. In this experiment apertures with a diameter of
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Figure 4.2. Typical layout of a single-turnover experiment in a zero mode waveg-
uide (ZMW) array. The ZMW array is fabricated in a gold or aluminum layer
deposited on a glass cover slip. Individual enzyme molecules are immobilized on the
glass surface at the bottom of the holes where the intensity of the evanescent ﬁeld
is highest.
43 nm were fabricated in an aluminum ﬁlm. For this aperture size the eﬀective
detection volume was estimated to be approximately 20 zL, which is three orders
of magnitude smaller than with diﬀraction-limited detection schemes.41 In the
FCS experiment, this small size of the detection volume facilitated single-molecule
occupancy at a ﬂuorophore concentration of 10 μM. The FCS measurement further
showed a signiﬁcant reduction of the diﬀusion time of Rh110-dCTP to only a few
microseconds. This is one order of magnitude faster than in a diﬀraction-limited
detection volume and further conﬁrms the reduced size of the detection volume.
The major advantage of using ZMWs instead of NSOM for single-turnover ex-
periments is that they act as a nanoaperture and a reaction vessel at the same
time (Figure 4.2). Enzymes can be immobilized on the glass surface at the bot-
tom of the nanostructure where the conﬁned excitation intensity is highest. This
approach has been used for following the activity of T7 DNA polymerase at the
single-enzyme level.41 The enzyme was immobilized in 43 nm-sized apertures in
an aluminum waveguide structure. The enzyme concentration was adjusted such
that statistically only a fraction of apertures contained a single enzyme. Poly-
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merase activity was then measured using the intrinsically ﬂuorescent substrate
coumarin-dCTP at a concentration of 7.5 μM. Fluorescence bursts were detected
and could be clearly distinguished from the background caused by the diﬀusion
of ﬂuorescent nucleotides. Enzymatic turnovers could further be discriminated
from diﬀusion events based on the residence time of the ﬂuorophore in the detec-
tion volume, which was signiﬁcantly longer in the case of a nucleotide incorpo-
ration event. The ability to use an intrinsically ﬂuorescent substrate based on a
coumarin dye highlights the unique potential of nanostructures for single-enzyme
experiments. Coumarin derivatives have a low excitation coeﬃcient, which is not
suﬃcient for single-molecule measurements in diﬀraction-limited volumes.19 In the
ZMW structure, however, the signiﬁcantly smaller detection volume facilitates the
discrimination of this ﬂuorophore from the ﬂuorescent background.
Following these proof-of-principle experiments, the measurement setup was de-
veloped further to facilitate DNA sequencing.44 To be able to monitor nucleotide
incorporation in real-time, the four diﬀerent nucleotides were labeled with spec-
trally distinguishable ﬂuorophores. In this way, nucleotide incorporation could
be monitored for thousands of single polymerase molecules simultaneously us-
ing a large ZMW array and an advanced parallel confocal multichannel detection
scheme.45 Each nucleotide incorporation event was detected as a ﬂuorescent burst
in one of the spectral channels with a high SNR (SNR = 25), allowing for the
speciﬁc assignment of the diﬀerent DNA bases. In addition to obtaining the nu-
cleotide sequence, the data also contained kinetic information, i.e. the duration
of each nucleotide incorporation event. This information has, for example, been
used to extract diﬀerences in the polymerase reaction rate for diﬀerent methylation
states.46
To prevent biomolecule adsorption on the metal surface, a selective passi-
vation method is required. For the experiments described above,44,46 the alu-
minium surfaces were passivated using polyvinylphosphonic acid (PVPA) chem-
istry.47 The PVPA layer stabilizes the aluminium and ensures that the enzyme
molecules exclusively bind to the bottom of the waveguides. More recently, 12-
bromododecylphosphonic acid was introduced for the passivation of the aluminium
surface and for introducing a functional bromo-group to allow for the further mod-
iﬁcation of the aluminium surface.48 While aluminium is the most used material
for ZMWs, gold is a promising alternative that provides more established pas-
sivation chemistry.49 Gold is also more stable in aqueous solutions. Gold-based
ZMWs were utilized for studying the kinetics of sarcosine oxidase (MSOX) at the
single-molecule level.50 Turnover detection was based on the redox cycling of the
ﬂuorescent cofactor (FAD). The measurements were performed using wideﬁeld il-
lumination and CCD camera detection. To date, this is the only single-enzyme
experiment using gold ZMWs. It highlights the simplicity and functionality of
gold ZMWs for single-molecule experiments. The gold surface and the ZMW
sidewalls were passivated using a thiol-functionalized poly(ethylene glycol), which
self-assembles on the surface at room temperature. The PEG layer protects the
gold surface during enzyme immobilization and prevents non-speciﬁc enzyme ad-
sorption.
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Despite their high potential, ZMWs are still only rarely used for studying
single-enzyme kinetics. One important drawback, limiting the attractiveness of
the ZMW-based detection system, is the stochastic nature of the enzyme immo-
bilization procedure. Considering the theoretical Poisson limit, maximally 37 %
of the apertures can be “ﬁlled” with exactly one single enzyme when adding an
enzyme solution to the nanostructure. Moreover, the immobilized enzymes cannot
be speciﬁcally placed in the center of the aperture. Individual enzyme molecules
are located at diﬀerent distances from the metal wall of the aperture, resulting in
heterogeneities in the ﬂuorescence excitation and emission properties.
To overcome these problems, several diﬀerent approaches have been designed.
An atomic force microscope (AFM) based “cut-and-paste” technique was recently
introduced.51,52 With this technique an individual molecule can be picked up with
the AFM cantilever, transported and subsequently placed into a ZMW aperture.
The cut-and-paste process can be repeated until all apertures are ﬁlled with ex-
actly one molecule. Resulting from the high positional accuracy of the AFM,
this method also ensures that every molecule is always placed in the center of
the aperture so that heterogeneities in the ﬂuorescence properties are reduced. In
another recent report DNA origami was introduced as an alternative strategy to
improve the process of placing single molecules into the apertures.53 Using DNA
origami,54,55 well-deﬁned DNA nanostructures can be assembled that allow for the
positioning of ﬂuorophores, nanoparticles and biomolecules. On a DNA origami
scaﬀold the position of each oligonucleotide is known with nanometer precision.
Oligonucleotides modiﬁed with functional groups can therefore be integrated into
the origami structure at predeﬁned positions. Using this approach, disc-shaped
nanoadapters were designed that matched the size of the apertures. The nanoad-
apters were immobilized on the surface of the ZMW via a biotin-neutravidin inter-
action, thereby ensuring that maximally one nanoadapter was present per aper-
ture. The nanoadapters were further labeled with a single ATTO647N dye to allow
for their detection. In this way, single-molecule occupancy was observed in 60 %
of the apertures, thereby overcoming the theoretical Poisson limit of 37 %.
Another recently developed technique utilizes solid-state nanopores for the
precise positioning of molecules.56 These nanopores are small holes (only a few
nanometers in diameter) milled into a solid-state membrane. When applying a
voltage across the pore, a strong localized electric ﬁeld is generated in the pore
vicinity that can be used to reversibly trap individual charged molecules inside
the pore.57 Using this approach, a hybrid nanopore/ZMW (NZMW) structure
was designed, where a ZMW array was fabricated on top of a thin silicon ni-
tride membrane that contained nanopores. The ZMWs were aligned such that the
nanopores were located in the bottom center of the ZMWs. The improvement
on the immobilization eﬃciency was demonstrated by comparing a diﬀusive and
nanopore-based loading of DNA into the ZMWs. Using the NZMWs, the load-
ing eﬃciency was 3 orders of magnitude higher than when using a diﬀusive-based
loading strategy.
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4.3.2 Fluorescence enhancement by metal nanostructures
One characteristic feature of ZMWs is that they do not only conﬁne the excita-
tion volume. The nanostructure can also enhance the signal detected from a ﬂuo-
rophore, thereby improving the SNR even further.58–60 An enhancement of 6.5-fold
was, for example, reported for the ﬂuorophore Rhodamine 6G in the 150 nm holes
of an aluminum ZMW.58 A 12-fold enhancement was found for AF647 in a gold
structure with 120 nm holes.59,60 In these examples, the enhancement originates
from the energetic coupling of the ﬂuorophore with electron oscillations (surface
plasmons) on the metal surface. If these surface plasmons are resonant with the
excitation or emission wavelength of the ﬂuorophore they can enhance the ﬂuores-
cence.42,61 The presence of surface plasmons aﬀects both ﬂuorescence excitation
and emission. The plasmons can increase the excitation intensity by locally en-
hancing the optical ﬁeld inside the aperture.58 The surface plasmons further inﬂu-
ence the de-excitation pathways causing an increased quantum yield and a shorter
ﬂuorescence lifetime.60 The enhancement is stronger for low quantum yield ﬂuo-
rophores. It allows the detection of these ﬂuorophores in a ZMW structure with
a SNR improved by one order of magnitude,62 eventually facilitating their use for
ﬂuorogenic substrates in single-enzyme experiments. The enhancement factor does
not only depend on the ﬂuorophore but also on the metal and the geometry of the
nanostructure. Compared to aluminum, gold possesses stronger surface plasmon
resonances in the visible range. This directly leads to a stronger ﬂuorescence en-
hancement in the 600 – 700 nm range, but can also inﬂuence the ﬂuorescence signal
in an unfavorable way at lower wavelengths. The geometry of the aperture and
the surrounding metal structure further inﬂuence the emission directivity. Ideally,
by using speciﬁcally designed nanostructures, the emitted photons can be directed
towards the detector.42,63 A ﬂuorescence enhancement of 120-fold combined with
a 13.6-fold increase in emission directionality was recently demonstrated for the
ﬂuorophore AF647 when the ZMW aperture was surrounded by periodic corruga-
tions.64 These results show that an optimization of the nanostructure parameters
is a promising route towards increasing the enhancement factor and the potential
of ZMW structures in general.
4.3.3 Optical nanoantennas
ZMWs make use of nanoapertures for reducing the eﬀective detection volume and
for enhancing the local excitation ﬁeld. This can also be obtained with nano-
sized optical antennas that are designed to harness plasmonic eﬀects. In contrast
to ZMWs, the antenna geometry is designed such that it optimizes the local ex-
citation ﬁeld. It concentrates the excitation intensity from the surroundings and
creates a localized excitation hotspot.65,66 A metal nanoparticle can be considered
as the simplest optical nanoantenna. A 10-fold ﬂuorescence enhancement has, for
example, been reported for the ﬂuorophore Nile Blue in the immediate vicinity of
gold or silver nanoparticles.67 The enhancement factor is strongly dependent on
the particle-ﬂuorophore distance. At very short distances (<15 nm) also ﬂuores-
Processed on: 10-11-2016
506322-L-bw-Turunen
88 Strategies for improving single-enzyme experiments
cence quenching can become dominant.68 Intensive research eﬀorts are currently
directed at understanding the interaction between ﬂuorophores and metal nanoan-
tennas with the goal of optimizing the ﬂuorescence enhancement.66 The local ﬁeld
enhancement can be signiﬁcantly improved when the excitation hotspot is created
between two point sources.69 This requires fabrication of the nanoantenna struc-
ture with high precision in the nanometer range as the ﬁeld enhancement critically
depends on the gap between these point sources. Focused ion beam lithography
and electron beam lithography are typically used for antenna fabrication. In the
following three typical antenna designs that show the biggest potential for biolog-
ical applications such as single-enzyme experiments will be highlighted.
The ﬁrst successful design that showed a high ﬂuorescence enhancement for
single ﬂuorophores utilized a bowtie-shaped nanoantenna structure.70 The bowtie
nanoantenna was fabricated on a quartz cover slip and consists of two triangle-
shaped gold tips that point towards each other (Figure 4.3a). The excitation
hotspot is located in the gap between the two tips. The terrylene derivative TPQDI
was used for the quantiﬁcation of the ﬂuorescence enhancement in the excitation
hotspot. The TPQDI molecules were randomly immobilized in a PMMA layer that
covered the whole antenna array. When a single TPQDI molecule was located
in the antenna hotspot, an impressive 1340-fold ﬂuorescence enhancement was
observed for this low quantum yield (Φ = 0.025) ﬂuorophore. The enhancement
factor was dependent on the gap size (5 – 80 nm). Antennas with the smallest gap
sizes yielded the highest enhancement.
When considering the use of this design for a single-enzyme experiment, the
bowtie design suﬀers from one important drawback: freely diﬀusing ﬂuorophores
contribute to the background signal. In contrast to ZMWs, the excited volume sur-
rounding the small antenna hotspot is not geometrically conﬁned and ﬂuorescence
from a larger diﬀraction-limited volume is collected. Compared to the antenna
Figure 4.3. Typical optical nanoantenna designs. a) In the case of a bowtie
nanoantenna the excitation hotspot is located between the tips of the bowtie. The
gap distance lies between 5 nm and 80 nm. b) The antenna-in-box design combines
an antenna structure made from two half-spheres (gap distance between 12 – 40 nm)
with a rectangular nanoaperture. c) Using a well-deﬁned DNA origami structure,
an antenna can be assembled on the DNA template using two nanoparticles (gap
distance 23 nm). All nanostructures are made of gold.
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hot spot, this diﬀraction-limited volume contains a signiﬁcantly larger number
of ﬂuorophores. Even though these ﬂuorophores are not aﬀected by the ﬂuores-
cence enhancement, they will still contribute to the detected signal, signiﬁcantly
reducing the SNR when high ﬂuorophore concentrations are used.
This problem was overcome with the use of a so-called antenna-in-box de-
sign (Figure 4.2b).71 In this design the nanoantenna was placed inside a ZMW
aperture. The excitation hotspot was created in the gap between two half-spheres
with a diameter of 76 nm. These half-spheres were located inside a rectangular
aperture with the dimensions of 290 × 100 nm. The performance of this design
was characterized with FCS measurements of freely diﬀusing AF647 ﬂuorophores.
A ﬂuorescence enhancement of 1100-fold was observed, combined with an eﬀective
detection volume of 58 zL, which is almost four orders of magnitude smaller than
a diﬀraction-limited volume. In a very recent report, an aluminum antenna-in-box
design was speciﬁcally tailored to enhance single-molecule FRET.72 A FRET-
sample consisting of a donor-acceptor labelled fragment of double-stranded DNA
was used for the experiment. Using the optimized nanoantenna design, an enhance-
ment of 20-fold was observed for both donor- and acceptor ﬂuorescence emission
when compared to a diﬀraction limited volume. More importantly, the energy
transfer rate was reported to increase up to 5-fold at a donor-acceptor distance of
10 nm.
For both the bowtie and the antenna-in-box designs the controlled immobi-
lization of a single molecule in the detection hotspot is diﬃcult. It requires ad-
vanced nanopositioning approaches such as the AFM cut-and-paste strategy used
for ZMWs.52 Self-assembled nanoantennas based on DNA origami54,55 are an al-
ternative strategy to tackle the immobilization problem. This nanoscale assembly
technique has been used to create a DNA nanopillar carrying two gold nanoparti-
cles with a gap distance of 23 nm (Figure 4.2c).69 This DNA nanopillar was further
functionalized with several biotin molecules allowing its upright attachment to a
neutravidin functionalized microscope cover slip. Most importantly, the nanopillar
contained a special docking site for the molecule of interest in the antenna hotspot
between the nanoparticles. When one ATTO647N ﬂuorophore was positioned in
the hotspot, a 117-fold ﬂuorescence enhancement was observed. Subsequently, the
conformational dynamics of the Holliday junction were visualized with this setup.
Unfortunately, no measurements with freely diﬀusing ﬂuorophores have been car-
ried out yet, so that no information is available about the SNR that could be
achieved in single-enzyme measurements.
4.3.4 Summary
Nanophotonic structures have the potential to overcome current bottlenecks in
single-enzyme experiments. The conﬁnement of the eﬀective detection volume al-
lows for using higher substrate concentrations while ensuring a high SNR. The
ﬂuorescence enhancement eﬀect further facilitates the use of substrates based on
ﬂuorophores with a low brightness. In combination, this gives access to a larger
number of substrate designs with 1:1 stoichiometry that can be used in the biolog-
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ically relevant concentration range. ZMW nanoapertures have already developed
into a powerful detection scheme for single-turnover detection. Optical nanoan-
tennas, designed to optimize the local ﬁeld enhancement, are a possible alternative
approach. They are under intensive development and a number of designs have
been proposed in the past few years. Initial results with biological systems are
very promising and their implementation for single-enzyme experiments can be
expected in the near future.
4.4 Conclusions
Single-enzyme experiments allow for studying the kinetics of enzymatic reactions
in real-time, giving access to possible temporal heterogeneities in the reaction
rate. From a fundamental point of view, ﬂuorogenic substrates are ideal reporter
systems. As every turnover produces a new ﬂuorophore, they allow for follow-
ing the catalytic reaction for extended periods of time thereby providing the time
sequence (and statistics) of a large number of individual enzymatic turnovers.
Current bottlenecks, such as the stoichiometry of the substrates and the low SNR
of diﬀraction-limited detection schemes, complicate the data analysis, however,
and limit the information that can be extracted from single-enzyme experiments.
New developments need to focus on strategies that facilitate the accurate detec-
tion of every individual turnover with a high SNR in order to facilitate a de-
tailed kinetic analysis. The development of next-generation ﬂuorogenic substrates
with 1:1 stoichiometry and the implementation of new detection schemes based
on ZMW nanoapertures and optical nanoantennas are crucial improvements. The
ideal single-enzyme experiment combines the developments from both ﬁelds, al-
lowing single-enzyme measurements to be performed with a drastically improved
SNR under biologically relevant conditions.
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CHAPTER 5
FRET-labeled peptides as substrates for
single-molecule studies of proteases
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5.1 Introduction
The choice of substrate is crucial for the success of single-turnover measurements.
The most fundamental requirement is that substrate and product possess diﬀerent
photochemical properties so that they can be distinguished with a high accuracy.
Typically, a ﬂuorophore is linked to a functional group that is recognized by the en-
zyme. This functional group alters the photochemistry of the ﬂuorophore making
it non-emissive. After enzymatic cleavage of the functional group, the ﬂuorophore
recovers its ﬂuorescence. It is further important that the substrate is stable un-
der measurement conditions and that it possesses a 1:1 stoichiometry (i.e. one
functional group per ﬂuorophore). These two conditions ensure a direct connec-
tion between an enzymatic turnover event and the release of a ﬂuorescent product
molecule.
In the previous chapter, various improved next-generation substrates for pro-
teases1 were already introduced. These substrates typically contain a ﬂuorophore
that carries an amino-group. This amino-group is linked to the C-terminus of a
peptide sequence that is recognized and cleaved by the enzyme. In addition to this
conventional substrate design,2–5 substrates for proteases can be also designed us-
ing a diﬀerent strategy that utilizes Fo¨rster Resonance Energy Transfer (FRET).
FRET-based substrates consist of a peptide sequence that is labeled with two ﬂu-
orophores, i.e. a FRET donor and a FRET acceptor (Figure 5.1). The donor
ﬂuorophore is coupled at one terminus of the peptide and the acceptor ﬂuorophore
at the other, allowing for eﬃcient energy transfer.6–8 The ﬂuorophores become
separated upon cleavage, leading to an increase in the donor signal.
This substrate design can provide signiﬁcant advantages for single-enzyme
studies. For very high FRET eﬃciencies, almost no donor ﬂuorescence is de-
tectable for the intact substrate. When monitoring the donor ﬂuorescence, the
substrate can consequently be considered as a ﬂuorogenic substrate with 1:1 sto-
ichiometry (Figure 5.1a). In a FRET-labeled peptide, the cleavage site is located
in the middle of the peptide sequence. In contrast, the C-terminal part of the pep-
tide sequence is replaced with the ﬂuorophore in conventional substrate designs.
FRET-labeled peptides consequently mimic natural substrates more closely and
can be utilized for all proteases independent of subsite speciﬁcity (Figure 5.1).
FRET-labeled peptides can further be used for studying the reaction mech-
anism in more detail. Following cleavage, the donor and acceptor ﬂuorophores
remain attached to diﬀerent peptide fragments and can be excited and detected
independently. In this way, it may become possible to investigate the order of prod-
uct dissociation, an important insight that is required for the development of more
speciﬁc inhibitors for metalloproteases. For example, for the well-characterized
metalloprotease thermolysin there is currently no clear consensus if the N-terminal
or the C-terminal product leaves the active site ﬁrst.9–12 A possible experimental
setup to determine the order of product release is shown in Figure 5.1b.
When choosing ﬂuorophores for measuring single-molecule FRET, a number
of aspects need to be considered. The donor and acceptor ﬂuorophores need to
possess a high photostability and a high brightness as well as good water solu-
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Figure 5.1. FRET-based substrate design for detecting protease activity. A donor
(green) and an acceptor (red) ﬂuorophore are coupled to the termini of a peptide
sequence, forming a FRET pair. a) Single-turnover detection. When exciting the
donor, energy is transferred to the acceptor that will emit ﬂuorescence. After prote-
olytic cleavage, no energy transfer takes place anymore and the donor ﬂuorescence
increases. In this way, each burst of donor ﬂuorescence can be considered as an
enzymatic turnover. b) Mechanistic studies of product release. Using two-color in-
terleaved excitation and two-channel detection, all steps of the enzymatic reaction
cycle can be followed. When the substrate arrives and binds to the enzyme, high
acceptor ﬂuorescence will be detected. Following cleavage, either the donor- or the
acceptor-containing product will diﬀuse away. If the acceptor-fragment dissociates
ﬁrst, the acceptor signal will disappear and ﬂuorescence from the donor channel will
emerge. Alternatively, when the donor-fragment is released ﬁrst, the donor will only
be visible for a short amount of time while it diﬀuses out of the detection volume.
The acceptor-fragment will be visible for a longer time.
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bility. More importantly, a high FRET eﬃciency is required to ensure suﬃcient
quenching of the donor ﬂuorescence. Various donor-acceptor combinations have
been reported for protease substrates. The most commonly used FRET pairs
are DABCYL/EDANS8 and Abz/3-nitrotyrosine.13. Their photophysical proper-
ties (UV excitation and low quantum yield) prohibit their application in single-
molecule experiments, however. Alternatively, pairs of ﬂuorescent proteins (e.g.
CFP/YFP)14 have been used. The problem with this strategy is that ﬂuorescent
proteins are bulky, potentially leading to steric hindrance upon substrate binding
to the enzyme active site. Organic ﬂuorophores that are excited in the visible
range are a versatile alternative.15–17
Other crucial design parameters of FRET-based substrates are the amino acid
sequence and the peptide length. The amino acid sequence directly deﬁnes the
substrate speciﬁcity and therefore the kinetic constants of the enzymatic reaction.
It further determines the maximum solubility of the peptide. The peptide length
might inﬂuence the FRET eﬃciency and, again, the kinetic constants. For single-
molecule experiments, high kcat and low KM values are preferred. The turnover
rate should be > 0.5 s−1 within the range of experimentally accessible substrate
concentrations to provide a suﬃcient number of turnovers in a reasonable mea-
surement time.
In this chapter, FRET-based peptide substrates were designed and tested
for measuring the activity of thermolysin-like protease from Bacillus stearother-
mophilus (TLP-ste). The goal was to investigate the inﬂuence of the ﬂuorophore
pair and the peptide length on the FRET eﬃciency and the kinetic constants of
the enzymatic reaction. These two parameters ultimately deﬁne if the newly de-
signed substrates allow for performing single-turnover experiments. A series of
peptides of varying length was synthesized using two diﬀerent FRET pairs (5(6)-
carboxyﬂuorescein/Cy5 and 5(6)-carboxyﬂuorescein/Alexa Fluor 647. The donor
ﬂuorescence intensities, the quantum yields and the ﬂuorescence lifetimes were
measured for these substrates and their corresponding products. Using these re-
sults, the FRET eﬃciencies were determined. Further, the kinetic constants of
the enzymatic reaction were determined using TLP-ste. Lastly, ﬁrst steps were
taken towards setting up single-turnover experiments. An enzyme immobilization
strategy was developed and the applicability of these substrates for single-turnover
experiments is discussed.
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5.2 Results
5.2.1 Substrate design
The FRET-based peptide substrates were designed such that they possess appro-
priate photophysical properties and are eﬃciently hydrolyzed by TLP-ste. For
choosing the core peptide sequence, the speciﬁcity matrix for the enzyme ther-
molysin was utilized from the MEROPS peptidase database.a It was assumed
that this speciﬁcity matrix would also apply to TLP-ste, as thermolysin and TLP-
ste have both shown catalytic activity for similar peptide substrates.18,19 The
matrix shows the most preferred amino acids for each subsite (P4 to P4
′, ﬁtting
into the S4 to S4
′ subsites of the enzyme active site, according to the nomenclature
of Schechter and Berger,20 see Figure 5.1). Using the best-scoring amino acids,
the ideal sequence becomes AVAGLAGG (from P4
′ to P4), with the scissile bond
positioned between glycine and leucine (underlined). In order to increase the hy-
drophilicity of the peptide, the P4
′ alanine was replaced by serine. One additional
amino acid was added at each terminus for coupling the donor and acceptor ﬂu-
orophores, namely a proline at the N-terminus and a cysteine at the C-terminus.
The donor was coupled to the N-terminal amino-group of proline using an NHS-
activated ﬂuorophore. The acceptor was coupled to the thiol group of the cysteine
via thiol-maleimide conjugation (see Figure 5.1 and Table 5.1). In addition to the
peptide spanning the complete 8 amino acid-long recognition site (8aa), also two
shorter peptides (6aa and 4aa) were synthesized (Table 5.1).
The ﬂuorophores, forming the FRET pair, were chosen based on the following
criteria: (i) both the donor and acceptor should possess a high brightness and
reasonably good photostability, (ii) the photophysical/chemical properties should
ensure suﬃcient spectral overlap and consequently a high FRET eﬃciency, (iii)
spectral crosstalk should be minimal, and (iv) the two dyes should have a diﬀerent
core structure to avoid aggregation and stacking. Considering these criteria, the
xanthene dye 5(6)-carboxyﬂuorescein (5(6)-CF; λex = 493 nm; λem = 517 nm)
ahttp://merops.sanger.ac.uk/cgi-bin/pepsum?id=M04.001;type=P
Table 5.1. FRET-based peptide substrates for TLP-ste. The speciﬁcity-
determining amino acids are shown in bold. The cleavage site is underlined.
Shown are the corresponding lengths (L) and the calculated hydrophobicities (H).
Name Sequence L (A˚)* H**
4aa-Cy5 5(6)-CF-PAGLA-Cys(Cy5)-NH2 21 67 %
6aa-Cy5 5(6)-CF-PVAGLAG-Cys(Cy5)-NH2 28 62 %
8aa-Cy5 5(6)-CF-PSVAGLAGG-Cys(Cy5)-NH2 35 50 %
4aa-AF647 5(6)-CF-PAGLA-Cys(AF674)-NH2 21 67 %
8aa-AF647 5(6)-CF-PSVAGLAGG-Cys(AF647)-NH2 35 50 %
* length of the fully extended peptide (3.5 A˚/amino acid); ** calculated with Peptide Property
Calculator (www.genscript.com).
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Figure 5.1. Simpliﬁed representation of the enzyme active site and of a typical
peptide-based substrate, including the FRET pairs used in this study. The donor
dye 5(6)-CF is drawn in green, the two diﬀerent acceptor dyes (Cy5 and AF647) are
shown in red. The attachment sites and linkers are depicted in grey. An 8 amino
acid-long peptide (P4 to P4
′) ﬁts into the S4 to S4′ subsites of the enzyme active
site.
was chosen as the donor and a cyanine based dye as the acceptor (Figure 5.1).
Due to its good spectral overlap, Cy3 would be a natural choice (Figure 5.2).
On the other hand, signiﬁcant spectral crosstalk is expected, resulting from the
incomplete separation of the excitation and emission spectra of the two dyes.
Spectral crosstalk can lead to errors when determining the FRET eﬃciency and is
especially undesirable in single-molecule experiments. Alternatively, despite their
reduced spectral overlap, Cy5 (λex = 648 nm; λem = 662 nm) and its more water-
soluble derivative Alexa Fluor 647 (AF647; λex = 650 nm; λem = 664 nm) were
used as acceptor dyes. Compared to Cy5, AF647 is sulfonated at four positions and
the linker attachment site is diﬀerent (Figure 5.1). In total, 5 diﬀerent substrates
were synthesized, each possessing a diﬀerent combination of peptide length and
donor-acceptor pair (Table 5.1).
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Figure 5.2. Normalized absorbance and emission spectra of 5(6)-
carboxyﬂuorescein (5(6)-CF), Alexa Fluor 647 (AF647), Cy5 and Cy3. The ab-
sorption spectra are shown as solid lines and the emission spectra as dashed
lines. The data for the Cy3 spectrum was obtained from the website
http://www.ﬂuorophores.tugraz.at/substance/654
A relatively high hydrophobicity was calculated for the shorter peptides (4aa
and 6aa, Table 5.1). Coupling the hydrophobic dye Cy5 to these peptides in-
creases their hydrophobicity even further. Therefore, the solubility of the sub-
strates was tested before any other experiments were performed (see Figure 5.A.1
in the appendix for details). The results show that the hydrophobicity of Cy5 has
a detrimental eﬀect on product solubility, drastically limiting the accessible range
of substrate concentrations. In the following experiments, no concentrations above
5 μM were used for the Cy5-labeled substrates.
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5.2.2 Time-resolved ﬂuorescence measurements
Time-resolved ﬂuorescence measurements were performed to determine the FRET
eﬃciency and the purity of the FRET-labeled peptide substrates. The ﬂuorescence
lifetime of the donor is lowered when the acceptor is present and energy transfer is
taking place. Comparing the ﬂuorescence lifetime of the donor in the presence and
absence of the acceptor consequently yields direct information about the FRET ef-
ﬁciency (see section 5.2.3 for details). If the substrate is pure, all ﬂuorescent species
in the sample will be characterized by the same short lifetime. Fluorescent impuri-
ties (such as free donor) possess a diﬀerent (longer) lifetime and will become visible
during the time-resolved measurement. Donor ﬂuorescence decay histograms were
measured for all FRET-labeled peptide substrates. In addition, several product
molecules were measured, i.e. the enzymatically cleaved substrates 4aa-Cy5 and
4aa-AF647 as well as a chemically synthesized peptide 5(6)-CF-PSVAG-NH2 that
corresponds to the N-terminal fragment of the substrates 8aa-Cy5 and 8aa-AF647.
The measurements were performed with a confocal ﬂuorescence microscope that
was equipped with a pulsed laser and an avalanche photodiode (APD) detec-
tor for time-correlated single photon counting (TCSPC).21,22 The photon arrival
times (measured relative to the last laser pulse; micro-times) were plotted into a
histogram and ﬁtted to an exponential decay to obtain the ﬂuorescence lifetimes.
An ultrafast APD module PDM 50CT (Micro Photon Devices) was used as a
detector instead of the previously used SPCM-AQR-14 module (Perkin Elmer).
PDM 50CT is the more suitable detector for time-resolved ﬂuorescence exper-
iments, since it has a signiﬁcantly better time resolution (50 ps) compared to
SPCM-AQR-14 (350 ps). Prior to the measurements, the instrument response
function (IRF) of the system was optimized (see appendix for details). The Full
Width at Half Maximum (FWHM) value of the IRF was 0.149 ± 0.004 ns during
all measurements. While this value determines the time resolution of the measure-
ment setup, lifetimes shorter than the FWHM of the IRF can usually be recovered
via deconvolution.
To characterize the TCSPC setup with the ultrafast APD, the ﬂuorescence
decay of the ﬂuorophore ATTO488 was measured as a reference (Figure 5.3). The
decay of ATTO488 is expected to be mono-exponential (one lifetime component).
A mono-exponential ﬁt (τ = 4.030 ± 0.073 ns, chi2 = 2.980; Figure 5.3a) did not
adequately reproduce the decay histogram, however. Instead, a double-exponential
function with lifetimes τ1 = 0.088 ± 0.110 ns and τ2 = 4.093 ± 0.011 ns yields
a signiﬁcantly better ﬁt (chi2 = 1.021, Figure 5.3b). The ﬁrst component τ1
contributes only 2.2 % to the signal and shows a very short lifetime in the range
of the FWHM of the IRF. This component originates from a small amount of
scattered light that is not fully ﬁltered out in the emission path of the microscope.
The second component τ2 is the major contribution (97.8 %) to the decay and is in
good agreement with the reference lifetime value of τ = 4.1 nsb. As a consequence
of the extra scattering component, one additional decay component was added to
bATTO-TEC website: https://www.atto-tec.com/attotecshop/product info.php?info=p99 atto-
488.html
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Figure 5.3. Reference measurement with ATTO488. a) Fluorescence decay of
ATTO488 in water. The image further shows the IRF as well as a double-exponential
ﬁt to the ATTO488 decay histogram. b) Residuals of the single-exponential and
double-exponential ﬁts.
all lifetime ﬁts presented in the following. All substrates were ﬁt with 3 exponents
(scattering component, donor in the presence and absence of acceptor). All cleaved
peptides and the free dyes were ﬁt with two exponentials (scattering component,
donor in the absence of acceptor). The decay histogram in Figure 5.3 further shows
that the IRF contains two additional peaks that are separated from the main IRF
peak by approximately 5 ns. These peaks can originate from multiple reﬂections
caused by the ﬁlters in the optical path. They do not add complications to the
analysis, since their intensity is 3 orders of magnitude lower than the main IRF
peak.
Representative ﬂuorescence decay histograms (incl. ﬁts) for all the Cy5- and
AF647-labeled substrate peptides are shown in Figure 5.4. The ﬁgure further
shows the decay histogram of one cleaved peptide as a comparison. The ﬁtting
results for all substrates and products are summarized in Table 5.2. The table
further shows a reference measurement performed with free 5(6)-CF. All mea-
surements were performed in triplicate. The short component τ1 originates from
scattered light and has already been discussed earlier. The other short component
τ2 represents the lifetime of the donor in the presence of the acceptor, whereas
the long component τ2 corresponds to the free donor (τ = 4.01 ns for 5(6)-CF).
Due to the very short lifetime of the donor in the intact substrate peptides, the
time constant τ2 shows a strong overlap with the IRF (scattered photons; τ1). As
a result, it is hardly feasible to obtain an accurate lifetime for the donor in the
presence of the acceptor.
It is interesting to note that the scatter component possesses a higher ampli-
tude for the substrate samples when compared to free 5(6)-CF and the diﬀerent
product molecules. The amplitude for the scatter component is especially high
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Figure 5.4. Fluorescence decay histograms and the corresponding lifetime ﬁts of
all substrates carrying Cy5 (a) or AF647 (b) as the acceptor. The letter C refers
to the enzymatically cleaved peptide.
for the AF647-labeled substrates, which have a shorter donor lifetime than the
Cy5-labeled substrates. This does not mean, however, that the absolute number
of scattered photons has increased. Most likely, the AF647-labeled substrates pos-
sess a higher FRET eﬃciency so that the overall number of detected donor photons
is lower. Assuming a constant number of scattered photons in all measurements,
this directly leads to a relative increase in the amplitude of the scatter component.
This observation suggests that the donor lifetimes become more and more diﬃcult
to determine with increasing FRET eﬃciencies.
When comparing τ2 (short component, high FRET) and τ3 (long component,
low FRET) for the Cy5- and AF647-labeled substrates it becomes evident that the
Cy5-labeled substrates possess a very high amplitude for the low FRET component
characterized by the lifetime of 5(6)-CF (>85 %). This is also directly visible in the
ﬂuorescence decay histograms (Figure 5.4a), which show a high similarity with the
decay curve of the cleaved peptide. Even though these amplitudes are not directly
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Table 5.2. Overview of all ﬂuorescence lifetimes determined for the FRET-
labeled substrates as well as several diﬀerent product molecules.
compound
τ1 / ns (α1)
Scatter
τ2 / ns (α2)
Short component
τ3 / ns (α3)
Long component
5(6)-CF 0.100 ± 0.046 (2.1 %) - 4.007 ± 0.015 (97.9 %)
5(6)-CF-PSVAG-NH2 0.115 ± 0.002 (2.3 %) - 4.096 ± 0.022 (97.7 %)
4aa-Cy5 0.104 ± 0.014 (3.2 %) 1.438 ± 0.441 (6.5 %) 4.022 ± 0.035 (90.3 %)
6aa-Cy5 0.043 ± 0.002 (5.1 %) 0.914 ± 0.742 (7.3 %) 4.056 ± 0.026 (87.6 %)
8aa-Cy5 0.069 ± 0.035 (6.3 %) 0.898 ± 0.351 (7.4 %) 3.908 ± 0.078 (86.3 %)
4aa-AF647 0.058 ± 0.003 (33.8 %) 0.430 ± 0.080 (9.6 %) 3.973 ± 0.024 (56.5 %)
8aa-AF647 0.079 ± 0.008 (30.7 %) 0.556 ± 0.019 (27.0 %) 3.968 ± 0.020 (42.2 %)
4aa-Cy5 cleaved 0.102 ± 0.041 (2.1 %) - 4.075 ± 0.034 (97.9 %)
4aa-AF647 cleaved 0.102 ± 0.002 (2.2 %) - 4.069 ± 0.008 (97.8 %)
related to the concentration of the diﬀerent species in the sample (diﬀerent species
emit a diﬀerent number of photons), it can still be concluded that the Cy5-labeled
peptides contain a higher fraction of donor only species (free donor or peptides
lacking the acceptor). Clearly, the Cy5-labeled peptides are less pure than the
AF647-labeled peptides. This should be taken into account in the following steps
as these donor only impurities contribute a signiﬁcant number of photons to the
detected ﬂuorescence intensity, thereby increasing the background in the donor
channel.
5.2.3 Determination of FRET efﬁciencies
One goal of this chapter was to determine the FRET eﬃciencies as a function of
peptide length and for diﬀerent donor-acceptor pairs. The FRET eﬃciency E,
quantiﬁes the energy transfer from the donor to the acceptor and is expressed as
follows:
E =
1
1 + (R/R0)
6 (5.1)
whereR is the D-A distance. E is dependent on the D-A distance and on the nature
of the FRET pair, characterized by its Fo¨rster radius R0. For single-molecule
measurements, high FRET eﬃciencies (value close to 1) are crucial as this ensures
a low ﬂuorescence background in the donor channel. Three diﬀerent methods
were used to determine the FRET eﬃciencies for the FRET peptides, based on
the ﬂuorescence intensity, the ﬂuorescence quantum yield and the ﬂuorescence
lifetime. E can then also be expressed as:
E = 1− IDA
ID
= 1− ΦDA
ΦD
= 1− τDA
τD
(5.2)
where I represents the ﬂuorescence intensity, Φ the quantum yield and τ the
lifetime. For all three measurements the respective quantity was determined for
the intact peptide (DA) as well as for the fully cleaved peptide (D).
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Table 5.3. Fo¨rster radii of several FRET pairs. 5-FAM corresponds to 5(6)-
CFDA.
FRET pair J(λ) (M−1cm−1nm4) R0(A˚)
5-FAM/Cy5 1.378×1015 50
5-FAM/AF647 8.065×1014 46
ATTO488/ATTO647 - 51*
AF488/AF647 - 56**
* obtained from the atto-tec website (www.atto-tec.com).
** obtained from Lifetechnologies website (www.lifetechnologies.com).
Before the measurements were started, the Fo¨rster radii of the D-A combina-
tions were calculated. R0 of the FRET pairs 5-CF/Cy5 and 5-CF/AF647 were
calculated to be 50 A˚ and 46 A˚, respectively (Table 5.3). These values are compa-
rable with the R0 values obtained for similar xanthene/cyanine FRET pairs such
as ATTO488/ATTO647 and AF488/AF647. As stated earlier (Table 5.1), the
maximum D-A distance of our substrates is 35 A˚. This value is lower than R0 of
both FRET pairs so that high FRET eﬃciencies are expected.
Table 5.4 summarizes all FRET eﬃciencies determined from the diﬀerent pa-
rameters I, Φ and τ . As expected, all EI and EΦ values are close to 1 and vary
only in the second digit. Even though the diﬀerences in the FRET eﬃciencies
are small, a correlation with the peptide length is still observed (Eq. 5.1). E is
slightly higher for the shorter peptides (except 4aa-Cy5, which is the least soluble
substrate). Independent of the method, E is higher for the substrates carrying the
5-CF/AF647 FRET pair as for the 5-CF/Cy5 pair. This is an unexpected result,
as the diﬀerence in R0 predicts the opposite trend. This observation is best ex-
plained with the lower purity of the 5(6)-CF/Cy5-labeled substrates. Only small
quantities of donor only species emit a comparably high number of photons,
biasing the intensity and quantum yield measurements. This is conﬁrmed by the
time-resolved measurements (Table 5.2) where a larger relative fraction of photons
was emitted from 5(6)-CF with a lifetime of approximately 4 ns (see 5.2.2).
As described earlier, the donor lifetimes of the intact peptides could not be
reliably determined from the time-resolved ﬂuorescence measurements. It was not
possible to accurately ﬁt the short lifetime component as it showed a large overlap
Table 5.4. FRET eﬃciencies determined with 3 diﬀerent methods (intensity EI ,
quantum yield EΦ, lifetime Eτ ).
Substrate EI EΦ Eτ
4aa-Cy5 0.94 ± 0.01 n.d. 0.65 ± 0.11
6aa-Cy5 0.97 ± 0.01 n.d. 0.77 ± 0.18
8aa-Cy5 0.96 ± 0.01 0.94 ± 0.03 0.78 ± 0.09
4aa-AF647 0.98 ± 0.01 0.98 ± 0.01 0.89 ± 0.02
8aa-AF647 0.96 ± 0.01 0.96 ± 0.01 0.87 ± 0.01
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with the IRF. As a direct consequence, the Eτ values have a large error and diﬀer
signiﬁcantly from EI and EΦ (Table 5.4). Clearly, the intensity- and quantum
yield-based measurements are more accurate and the FRET eﬃciencies show a
very good agreement. All FRET-labeled substrates are functional and less than
5 % of the emitted photons originate from the donor (except 4aa-Cy5). This is a
good starting point for the kinetic measurements where the increase in the donor
signal is monitored.
5.2.4 Kinetic measurement of thermolysin-like protease
In order to establish which FRET-labeled peptide is the best substrate for mea-
suring protease activity, the ﬁve peptides were tested in kinetic measurements
using TLP-ste. This homologue of thermolysin was chosen as several cysteine mu-
tants had already been characterized.23 These mutants are well suited for single-
molecule experiments. The mutant TLP-ste C288L/N181C was used for the kinetic
measurements. In this mutant the natural cysteine in position 288 was replaced
by leucine, while a new cysteine was introduced in position 181, substituting as-
paragine.
In a very ﬁrst test, TLP-ste was added to all ﬁve substrates and the donor and
acceptor intensities were followed over time. The substrates were clearly cleaved
by the enzyme, validating the choice of the amino acid sequence (see appendix for
details). The kinetic constants KM and vmax were determined as described in the
Michaelis-Menten equation:
v =
vmax[S]
KM + [S]
(5.3)
where v is the reaction velocity, vmax is the maximal velocity, [S] is the substrate
concentration and KM the Michaelis-Menten constant. The reaction velocity v,
which is obtained from the initial slope of the progress curve (Figure 5.C.1b), de-
scribes the increase in product concentration over time. To obtain the product
concentration, a calibration curve is required that relates the measured ﬂuores-
cence intensity to the concentration of the donor-labeled product molecule. When
using FRET-based substrates, two complications arise when determining the cal-
ibration factor. As the FRET eﬃciency is not 100 %, the donor signal will not
increase from 0 % to 100 % upon cleavage as it is assumed when preparing the
calibration curve. Instead, the donor intensity will only increase from 5 % to 100 %
(assuming a FRET eﬃciency of 95 %). It is consequently required to correct the
calibration factor by the FRET eﬃciency.
In addition to the FRET eﬃciency correction, the data also needs to be cor-
rected for the inner ﬁlter eﬀect (IFE).24,25 The high substrate concentrations re-
quired for the kinetic measurements result in a large number of absorbing chro-
mophores in solution. This might cause inhomogeneities in the excitation intensity
throughout the sample so that not all ﬂuorophores are excited. Further, some of
the emitted light might be reabsorbed by the surrounding chromophores (donor
and/or acceptor) so that it cannot reach the detector. As a consequence, the
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apparent ﬂuorescence intensity is diminished leading to a non-linear relationship
between the product concentration and the ﬂuorescence signal and ultimately to
an underestimation of the real enzymatic rate. The determination of the IFE cor-
rection factors and the analysis of the kinetic data are described in the appendix
(section 5.C).
The kinetic constants obtained after both corrections (FRET eﬃciency and
IFE) are summarized in Table 5.5. For all substrates, the obtained KM values
lie above the highest concentrations used for the kinetic measurements (with the
exception of 4aa-Cy5). As a consequence, the KM and kcat values (kcat = vmax/[E]
with [E] being the enzyme concentration) are considered to have a relatively large
error. For comparison, KM and kcat were also determined independently from
Eadie-Hofstee plots (Figure 5.C.3) and reasonable agreement is observed between
the two diﬀerent ﬁtting methods (Table 5.C.1).
Table 5.5. Kinetic constants for the ﬁve diﬀerent substrates, corrected for the
inner ﬁlter eﬀect and the FRET eﬃciency. kcat was calculated by dividing vmax
by the enzyme concentration. kcat/KM was calculated and conﬁrmed from the
slope of the linear part of the Michaelis-Menten plot (when [S] � KM).
Substrate
KM
(μM)
vmax (× 10−4)
(μM/s)
kcat
(s−1)
kcat/KM
(s−1M−1)
4aa-Cy5 2.4 ± 1.9 3.7 ± 1.6 0.37 154200
6aa-Cy5 11.6 ± 13.0 29.6 ± 26.6 2.96 255200
8aa-Cy5 17.6 ± 11.1 78.2 ± 48.2 7.82 444300
4aa-AF647 53.3 ± 33.9 7.0 ± 3.8 0.70 13100
8aa-AF647 77.6 ± 38.5 57.0 ± 27.0 5.70 73500
Even though the errors of the kinetic constants may be large, several impor-
tant trends can be observed for the diﬀerent substrates. When comparing kcat
for the diﬀerent substrates, little diﬀerence is observed for the corresponding Cy5
and AF647-labeled substrates (less than factor 2), suggesting that the choice of
ﬂuorophore does not inﬂuence the catalytic reaction itself. In contrast, the peptide
length has a strong eﬀect on kcat: the longer the substrate, the higher the kcat (21-
fold from 4aa-Cy5 to 8aa-Cy5, and 8-fold from 4aa-AF647 to 8aa-AF647). This
length dependence has been observed before for the serine protease chymotrypsin
and was explained with a dynamic coupling between subsite interactions and catal-
ysis.26
The KM values are inﬂuenced by both the peptide length and the choice of
ﬂuorophore. Much lower KM values are observed for the Cy5-labeled peptides
(22-fold for 4aa and 4-fold for 8aa), suggesting that the Cy5-labeled substrates
bind stronger into the enzyme active site. The KM increases with peptide length,
showing a 7-fold increase for the Cy5-labeled substrates and a 1.5-fold increase for
the AF647-labeled substrates. The higher KM values observed for longer peptides
are surprising. One would intuitively expect that a longer recognition sequence
would enhance the aﬃnity and thus lower the KM. But also rebinding of product
molecules into the active site is one possible explanation for the higher KM of
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the longer substrates. If product molecules were able to rebind to the active site
they would have to be considered as competitive inhibitors. Initial tests did not
show any signs of competitive inhibition, but more experiments are clearly needed
to investigate this possible problem. A more likely explanation for the eﬀect of
the peptide length is that the ﬂuorophore itself contributes to the binding of the
substrate into the active site. This hypothesis is supported by the observation
that the peptide length has a larger eﬀect for substrates labeled with the more
hydrophobic dye Cy5. TLP-ste is a rather non-speciﬁc protease that possesses a
rather hydrophobic active site pocket. It can easily be imagined that Cy5 may
interact with this hydrophobic area when coupled to short peptides. For longer
peptides, the distance between the dye and the hydrophobic binding site increases,
reducing the strength of the interaction. This would explain both the length
dependence and the lower KM values for the Cy5-labeled substrates.
5.2.5 Enzyme immobilization on glass coverslips
As a next step towards single-enzyme activity measurements, the TLP-ste mu-
tant C288L/N181C was site-speciﬁcally immobilized onto functionalized glass cov-
erslips. The general coupling strategy is based on the strain-promoted azide-
alkyne cycloaddition reaction of bicyclononyne (BCN)-labeled enzymes and an
azide-functionalized surface (Figure 5.5a). In more detail, the single cysteine
at position 181 was used for coupling the heterobifunctional crosslinker BCN-
maleimide. The glass coverslip was ﬁrst treated with epoxy-silane to make the
surface amino-reactive. In the next step, a heterobifunctional poly(ethylene gly-
col) (PEG) linker (NH2-PEG-N3; MW = 5000 Da) was coupled to the surface.
The BCN-functionalized enzymes were then coupled to the azide-functionalized
coverslips.
To test the enzyme immobilization procedure, the BCN-functionalized enzymes
were further labeled with the ﬂuorophores ATTO565 or ATTO488, using the NHS-
esters of the respective ﬂuorophores. The ATTO565 label allows for visualizing
the immobilized enzymes using a microarray scanner. The obtained images prove
that the BCN-functionalized C288L/N181C mutant was site-speciﬁcally coupled to
the functionalized surface (Figure 5.5b, right). Pseudo-wildtype TLP-ste (C288L)
lacking the cysteine did not couple to the azide-functionalized surface (Figure 5.5b,
left). The ATTO488-label was required to localize the enzyme with the confocal
microscope during single-molecule experiments.
For the single-molecule activity measurement, the enzyme concentration has to
be adjusted low enough so that single enzymes can be distinguished. Furthermore,
the surface needs to show as little ﬂuorescent background as possible so that single
ﬂuorescently labeled enzymes (as well as enzymatic turnovers) can be identiﬁed
with a good signal-to-noise ratio. The optimal concentration for the experiments
with TLP-ste was found to be 100 nM. Figure 5.5c shows a representative confocal
scan of 100 nM ATTO488-labeled TLP-ste immobilized on the functionalized sur-
face (right) and a control experiment where no enzyme was added (left). The scans
show single enzyme molecules as bright spots with a suﬃcient spacing between the
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Figure 5.5. Immobilization of TLP-ste to glass coverslips. a) Experimental design for
immobilizing the C288L/N181C mutant of TLP-ste onto a functionalized glass coverslip.
b) Microarray scanner images of immobilized ATTO565-labeled TLP-ste. Left: Control
experiment using pseudo-wildtype TLP-ste without cysteine (C288L). Right: Immobi-
lized C288L/N181C, functionalized with the maleimide-BCN crosslinker. c) Confocal
microscope scans (10 × 10 μm) of immobilized TLP-ste labeled with ATT0488. Left:
Fluorescence background of the PEG-functionalized surface. Right: Immobilized TLP-
ste (C288L/N181C).
individual molecules. The control scan, which shows the PEG-functionalized sur-
face without enzymes (Figure 3.3c), proves that the surface is clean enough for
single-molecule experiments.
The next step would have been to perform single-molecule activity measure-
ments. Before these experiments were started, a simple calculation was performed,
however, to identify the most suitable substrate and to estimate the feasibility of
these experiments. Based on the obtained KM and kcat values, the expected av-
erage turnover rate can be estimated for a given substrate concentration. For
example, assuming a FRET eﬃciency of 94 – 98 % and a purity of the substrate
solution of 99.9 %, the maximum substrate concentration that can be used is
around 500 nM. This substrate solution contains 0.5 nM of highly bright product
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molecules (i.e. donor). Additional background photons originate from the sub-
strate itself (corresponding to 2 – 6 % of the donor ﬂuorescence of the 500 nM
solution). Taken together, this background signal is in the high limit for single-
molecule experiments. The peptides that show the highest average turnover rate
at a substrate concentration of 500 nM are 6aa-Cy5 and 8aa-Cy5 (0.12 s−1 and
0.22 s−1, respectively). These peptides would be the best option for single-molecule
measurements, even though the turnover rates are still in the low limit. To be suc-
cessful, a high purity of the substrate is required. As mentioned above, the purity
is a bottleneck, however, especially for the Cy5-labeled substrates. The AF647-
labeled substrates possess a higher purity. But their relatively highKM limits their
usefulness so that the average turnover rates (500 nM substrate concentration) are
only 0.01 s−1 and 0.04 s−1 for 4aa-AF647 and 8aa-AF647, respectively.
5.3 Discussion
The goal of this chapter was to develop and characterize FRET-labeled peptide
substrates for studying the reaction kinetics of the metalloprotease TLP-ste at the
ensemble and single-molecule level. When monitoring donor ﬂuorescence, FRET-
labeled peptides can potentially be used as ﬂuorogenic substrates with 1:1 stoi-
chiometry. Independent of the type of measurement, the substrate should ideally
have a high FRET eﬃciency to minimize donor ﬂuorescence. Furthermore, the
enzymatic reaction should have a high kcat and a low KM so that accurate kinetic
measurements can be performed under saturating conditions.
The determined FRET eﬃciencies are between 0.94 – 0.98 % for all FRET-
peptides tested. Comparing the three diﬀerent methods used for measuring the
FRET eﬃciency, the method based on the ﬂuorescence intensity was the most
accurate. Time-resolved ﬂuorescence measurements of the donor conﬁrmed the
high FRET eﬃciencies, showing that the substrates and their respective products
possess signiﬁcantly diﬀerent ﬂuorescence lifetimes. Due to the high FRET ef-
ﬁciency, however, the donor lifetime of the substrate was on a similar timescale
as the instrument response function (IRF). As it was not possible to fully ﬁlter
out all scattered photons, the lifetime of the donor could not be accurately de-
termined with the measurement setup. Even though not useful for determining
the FRET eﬃciency, time-resolved experiments are still a suitable approach for
the characterization of FRET-labeled peptide substrates as they also report on
the purity of the substrate sample. For the substrates used here it was observed
that the Cy5-labeled substrate contained a signiﬁcantly higher number of donor
only molecules as the AF647-labeled substrates. Donor only species add to the
background of the measurement and limit the maximum usable substrate concen-
tration.
Kinetic measurements were performed to determine the catalytic constants for
all ﬁve FRET-peptides. The results suggest that both the length of the peptide
sequence and the nature of the acceptor dye have an eﬀect on the kinetic per-
formance of the enzyme. For the longer peptides, faster hydrolysis (kcat) and
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better catalytic eﬃciency (kcat/KM) was observed, however, no enhanced aﬃnity
(KM) was detected. The catalytic eﬃciencies were signiﬁcantly higher for the Cy5-
labeled substrates, when compared to the corresponding AF647-labeled peptides.
One possible explanation for this is the higher hydrophobicity of Cy5. The active
site of TLP-ste contains hydrophobic residues, which can be involved in binding
hydrophobic dye molecules. The hydrophobicity of Cy5 is consequently an advan-
tage when considering the binding aﬃnity. At the same time it limits the range
of substrate concentrations to values below the KM.
Overall, the obtained catalytic eﬃciencies are between 1.3×104 s−1M−1 and
4.4×105 s−1M−1. This is still fairly low considering that the consensus peptide
sequence from the MEROPS database has been used. It is currently diﬃcult
to predict which modiﬁcations are necessary to improve these substrates. TLP-
ste is a fairly non-speciﬁc protease that is able to cleave many diﬀerent peptide
sequences and a library-based approach may be necessary. Especially when con-
sidering the planned single-molecule kinetic experiments, the catalytic eﬃciencies
are not suﬃcient. The kcat values would be high enough, if it was possible to
perform measurements at substrate concentrations above KM. As described in
the previous section, the substrate concentrations in the single-molecule measure-
ments are limited to 500 nM, however, even if the substrate is considered to be
highly pure (99.9 %). When using higher substrate concentrations, the background
ﬂuorescence will become too strong.
Even though the catalytic eﬃciency of the FRET-peptides is not high enough
for performing single-turnover experiments (Figure 5.1a), they may still be power-
ful reporter systems for studying the order of product release (Figure 5.1b). This
experiment will not require a high number of turnovers from the same enzyme and
it is further not necessary to perform measurements under saturating conditions.
Instead, the measurement can be performed at a low substrate concentration and
the statistics can be obtained from many diﬀerent enzymes. The measurement
can consequently be performed in a wide-ﬁeld setup, using total internal reﬂec-
tion ﬂuorescence (TIRF) excitation to reduce the eﬀective size of the detection
volume. The substrates 6aa-Cy5 and 8aa-Cy5 will be a good choice for this exper-
iment. A further reduction of the size of the detection volume, as possible with the
implementation of nano-optical approaches27,28 (chapter 4), might also allow for
single-turnover experiments. The reduced detection volume would allow for using
higher substrate concentrations and eventually make single-molecule kinetic mea-
surements possible. As a step towards performing single-molecule experiments,
TLP-ste was successfully immobilized onto functionalized glass coverslips. This
protocol can be implemented in future single-molecule experiments.
5.4 Conclusions
A series of FRET-labeled peptide substrates was designed for studying protease
kinetics at the ensemble and single-molecule level. The characterization results
show that both the peptide length and the properties of the FRET pair are im-
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portant parameters that determine the performance of FRET-labeled peptides as
protease substrates. In general, the FRET eﬃciencies are very high, which is
a promising starting point when considering single-molecule experiments. Using
thermolysin-like protease (TLP-ste) as a model system, the kinetic constants were
determined at the ensemble level and a method for the site-speciﬁc immobilization
of TLP-ste was developed. Considering the FRET eﬃciencies, the substrate puri-
ties and the KM values, it is not possible to perform single-turnover experiments
with these substrates. Measurements may become possible provided that the KM
or kcat values can be improved or if strategies are implemented that reduce the size
of the eﬀective detection volume. In addition, this new set of FRET-based sub-
strates may be employed for investigating the reaction mechanism in more detail,
in particular the order of product release.
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5.5 Experimental
Materials
The FRET-based enzyme substrates were synthesized by JPT Technologies (Berlin,
Germany). Following solid phase synthesis of the peptides, the donor ﬂuorophore
5(6)-carboxyﬂuorescein (5(6)-CF) was coupled to the N-terminal amine of the pro-
line residue via NHS-ester chemistry. The acceptor ﬂuorophores Cy5 or Alexa
Fluor 647 (AF647) were coupled to the C-terminal cysteine using maleimide-
activated ﬂuorophores. In addition to the full-length, FRET-labeled substrate
peptides, one reference peptide was synthesized that corresponds to a donor-
labeled, N-terminal product peptide (5(6)-CF-PSVAG-NH2). The HPLC-puriﬁed
and freeze-dried peptides, containing acetate as the counter ion, were dissolved to
2 mM in DMSO and stored in aliquots at -20 ◦C. The enzyme TLP-ste C288L/
N181C was expressed and puriﬁed following a previously published protocol.23 Fol-
lowing puriﬁcation, the enzyme was stored in elution buﬀer containing isopropanol
(20 mM sodium acetate pH 5.3, 5 mM CaCl2, 2.5 M NaCl, 20 % isopropanol) to
prevent autoproteolytic cleavage and kept at -20 ◦C.
Absorption and ﬂuorescence emission spectra
5(6)-carboxyﬂuorescein (5(6)-CF; Sigma-Aldrich), Cy5-monohydrazide (GE Health-
care) and Alexa Fluor 647-hydrazide (AF647-hydrazide; Life Technologies) were
used for measuring the absorbance and ﬂuorescence emission spectra of the donor
and acceptor ﬂuorophores. The ﬂuorophores were dissolved in DMSO in a concen-
tration of 10 μM. For the measurements they were diluted to a ﬁnal concentration
of 1 μM using MOPS buﬀer (20 mM MOPS pH 7.2, 5 mM CaCl2), resulting in
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a ﬁnal DMSO concentration of 10 %. Absorption scans were measured in a 1 cm
quartz cuvette using a UV/VIS spectrophotometer (V-630, Jasco) and emission
scans were recorded in a ﬂuorescence spectrometer (LS-55, Perkin Elmer). For
the ﬂuorescence measurements, the samples were excited at 450 nm (5(6)-CF) or
590 nm (Cy5- monohydrazide and AF647-hydrazide). Fluorescence emission was
scanned from 490 nm to 750 nm or 600 nm to 750 nm, respectively.
Determination of the Fo¨rster radius
The Fo¨rster radius R0 represents the donor-acceptor (D-A) distance where the
FRET eﬃciency is 50 % of the maximal value. R0 (expressed in A˚ngstroms) can
be calculated using the following equation:29
R0 = 0.221
[
κ2ΦDJ(λ)
n4
] 1
6
(5.4)
where κ is the orientation factor between the donor and the acceptor, n is the re-
fractive index of the solution, ΦD is the quantum yield of the donor in the absence
of acceptor and J(λ) is the spectral overlap integral between the normalized emis-
sion spectrum of the donor and the absorption spectrum of the acceptor expressed
in M−1cm−1nm4. The orientation factor κ was set to be equal to 2/3, which is
a commonly used assumption. The accurate determination of this value would
require detailed knowledge of the orientation of donor and acceptor ﬂuorophores.
The refractive index of the MOPS buﬀer is equal to 1.3389, and the quantum
yield of 5(6)-CF was measured and equals to 0.91. The spectral overlap J(λ) was
calculated using a|e software from FluorTools.c
Time-resolved ﬂuorescence measurements
Fluorescence decays were measured using a custom-built confocal microscope equip-
ped with an ultrafast avalanche photodiode (APD) for time correlated single-
photon counting (TCSPC).21,22 The microscope was based on an inverted optical
microscope frame (Axiovert 200, Zeiss). A pulsed diode laser (LDH-D-C-485,
485 nm, PicoQuant), operating at a repetition rate of 20 MHz, was guided to the
objective through a single-mode optical ﬁber (HP460, Thorlabs). The laser light
passed an excitation ﬁlter (FF01-475/25 bandpass, Semrock) and a dichroic mirror
(505dcxr, Chroma) before it was focused onto the sample, using an oil-immersion
objective (Carl Zeiss Fluar, 100× magniﬁcation, NA = 1.3). Fluorescence emis-
sion was collected through the same objective and separated from reﬂections and
scattered light by the dichroic mirror and an extra emission band-pass ﬁlter (FF01-
531/46-25, Semrock). The emitted light was then focused through a 50 μm pinhole
and onto the APD detector (PDM 50CT, Micro Photon Devices; pulse width of
50 ps (FWHM)). Photon-counting and data acquisition were performed using a
Picoharp 300 TCSPC system (PicoQuant) in histogramming measurement mode.
ca|e - UV-Vis-IR Spectral Software 1.2, FluorTools, www.ﬂuortools.com
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All substrates were diluted to 1 μM concentration (in MOPS buﬀer with 10 %
DMSO). The cleaved peptides, the reference peptide 5(6)-CF-PSVAG-NH2 and
free 5(6)-CF were used in a concentration of 100 nM (in MOPS buﬀer with 10 %
DMSO). All samples were freshly prepared before the measurement. The sample
(100 μl) was pipetted onto a clean microscope coverslip placed into the micro-
scope sample holder. The excitation light was focused into the sample solution
at a distance of approximately 5 μm above the coverslip surface. Fluorescence
decay histograms were recorded in a 50 ns time window (4 ps channel width) until
10000 counts were collected in any of the channels. In this way, the noise level
(uncorrelated photon counts) remained below 50 counts per channel, thus pro-
viding a good signal-to-noise ratio. The instrument response function (IRF) was
measured at the start of each measurement series. For this purpose, the emission
ﬁlter was exchanged with a band-pass ﬁlter (XF3075 480AF30, Omega Optical)
that allowed only scattered laser light to pass to the detector (see section 5.B in
the appendix).
The ﬂuorescence lifetime τ is deﬁned as the average time it takes a population
of excited ﬂuorophores to reach 1/e of the initially excited population. The decay
of the excited ﬂuorophores typically follows ﬁrst order kinetics, resulting in an
exponential decay in the ﬂuorescence intensity histogram I(t), that follows after
the excitation pulse:
I(t) =
∑
j
αje
−
(
t/τj
)
(5.5)
where αj is the amplitude fraction of the j:th component with the corresponding
lifetime τj . In a TCSPC measurement, the measured ﬂuorescence decay histogram
Imeas(t) is a convolution of the real decay I(t) with the IRF
Imeas(t) = I(t)⊗ IIRF(t) =
∑
j
αj
∫ t
−∞
e
−
(
t− t′/τj
)
IIRF(t
�)dt�. (5.6)
The real decay and the ﬁt parameters αj and τj are typically obtained using
nonlinear ﬁtting and a deconvolution procedure. In this chapter, the ﬂuorescence
lifetime analysis was performed using a freeware Matlab package developed by En-
derlein et al.30 The ﬁtting algorithm is based on a Nelder-Meade simplex method
and is capable of ﬁtting multi-exponential decays to the measured data, including
an experimentally measured IRF. The algorithm does not only ﬁt the decay times,
but also considers a time shift between the ﬂuorescence photons and the IRF.
Determination of the FRET efﬁciencies
The FRET eﬃciencies were determined from measurements of either the ﬂuo-
rescence intensity, the ﬂuorescence lifetime or the quantum yield. The respec-
tive parameter was determined for the intact substrates (donor ﬂuorescence in
the presence of acceptor) as well as the cleaved substrates (donor ﬂuorescence in
the absence of acceptor). The substrate stock solutions were diluted to 1 μM in
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MOPS buﬀer and 10 % DMSO. To prepare the cleaved substrates, 1 nM (inten-
sity and lifetime measurement) or 15 nM (quantum yield measurement) of TLP-ste
C288L/N181C were added to the substrate solutions. These samples were incu-
bated at room temperature in the dark for at least 16 hours to ensure complete
hydrolysis. For the intensity-based measurement, the ﬂuorescence intensity of each
sample was measured with a microplate reader (λex = 450 nm, λem = 520 nm;
Inﬁnite 200 Pro, Tecan).
The quantum yields were determined relative to a standard ﬂuorophore. Flu-
orescein (Sigma-Aldrich) dissolved in 0.1 M NaOH was used as the standard. Its
quantum yield in 0.1 M NaOH is equal to 0.925. The substrate samples were
diluted in MOPS buﬀer with 10 % DMSO. Several solutions of ﬂuorescein and
the substrate solutions were prepared spanning the concentration range between
0 – 1000 nM. The absorbance was measured in a 1 cm quartz cuvette using a
UV/VIS spectrometer and the ﬂuorescence was measured in the same cuvette us-
ing a ﬂuorescence spectrometer. The formula used for calculating the quantum
yields is:
Φsample = Φﬂuorescein
(
Slopesample
Slopeﬂuorescein
)(
n2MOPS
n2NaOH
)
(5.7)
where Φ is the quantum yield and n is the refractive index of the solution. Slope
quantiﬁes the ﬂuorescence emission of the sample and the reference for the given
measurement setup. It was calculated in the following way: For every concen-
tration, the ﬂuorescence emission peak was integrated from 470 nm to 620 nm
(λex = 450 nm) and the obtained value was plotted against the absorbance at
450 nm. A line ﬁt through the resulting ﬂuorescence vs. absorbance plot yields
the Slope value. Beforehand, the absorbance at 450 nm was corrected by the
absorbance at 430 nm to ensure a similar background level for all the samples.
The ﬂuorescence emission scans were corrected by the buﬀer only scan. The re-
fractive index of NaOH is 1.8431 and the refractive index of MOPS was measured
with a Diﬀerential Refractive Index instrument (Optilab T-rEX, Wyatt Technol-
ogy) and equals 1.3389.
Kinetic measurements
The kinetic measurements were performed in a microplate reader using black,
ﬂat-bottom 96-well plates (Greiner). The substrates were diluted in MOPS buﬀer
ensuring a ﬁnal concentration of 10 % DMSO in all the samples. The substrate
concentrations covered a range between 0 – 8 μM. 1 nM of the enzyme TLP-ste
C288L/N181C was used. The measurement was started by adding 10 μl of enzyme
to 190 μl of the substrate solution. Product formation was monitored at the donor
wavelength (λex = 490 nm, λem = 520 nm). The reaction was followed for 1 hour
(90 s intervals) at a temperature of 30 ◦C. All measurements were performed in
triplicate.
Processed on: 10-11-2016
506322-L-bw-Turunen
5.5 Experimental 117
Calibration
The ﬂuorescence intensity was converted into product concentration using a cal-
ibration curve. The donor-labeled product (5(6)-CF-PSVAG-NH2) was diluted
in MOPS buﬀer containing 10 % DMSO, covering a concentration range from
0 to 5 μM. The corresponding ﬂuorescence intensity values were measured with
the microplate reader using exactly the same settings as for the kinetic measure-
ments. The data was ﬁtted to a straight line in the concentration range from 0 to
2 μM (8 datapoints). The conversion factor used for all the kinetic measurements
represents the mean of four independent measurements.
IFE correction
The inner ﬁlter eﬀect (IFE) describes the inﬂuence of the ﬂuorophores coupled
to the substrate on the ﬂuorescence intensity of the product. The magnitude of
the IFE can be determined experimentally from absorbance measurements as de-
scribed in the following.24 For all measurements, substrate solutions (0 – 5 μM)
were mixed with product at concentrations of 0 μM, 0.05 μM, 0.1 μM or 0.5 μM.
Although only the donor-labeled product has to be taken into account for the IFE,
the solutions contained both the donor-labeled product and the acceptor-labeled
product, for example (5(6)-CF-PSVAG-NH2) and H-LAGG-Cys(AF647)-NH2 for
the substrate 8aa-AF647. In this way the conditions used in the kinetic measure-
ments can be mimicked more accurately. For the absorbance-based calculation of
the IFE, the absorbance at 490 nm, at 520 nm and at 720 nm was measured using
the microplate reader. The absorbance at 720 nm was used as a baseline. The
IFE was then calculated using the following equation:
IFE = 10A(λex)+A(λem)/2 (5.8)
where A(λex) and A(λem) are the absorbance values at the excitation and emis-
sion maxima, respectively. Each measurement was performed in triplicate. Subse-
quently, the mean values of the IFE were plotted against the substrate concentra-
tion. The data was ﬁtted with a straight line to obtain the IFE correction factor
CFIFE : IFE = CFIFE× [S]+1 for each product concentration tested (see section
5.C in the appendix).
Data analysis of the kinetic measurements
The kinetic data were analyzed as described in the following. The slope of the
initial linear part of the progress curve was determined using least-squares ﬁtting
in OriginLab 8.6. The slope was then corrected for the FRET eﬃciency (division
of the slope by the FRET eﬃciency) and for the Inner Filter Eﬀect (multiplication
of the slope by the IFE correction factor). The slope was then converted into the
reaction velocity using the calibration factor (see paragraph Calibration). The re-
action velocity was plotted against the respective substrate concentration to obtain
the Michaelis-Menten plots. The kinetic parameters kcat and KM were obtained
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from ﬁtting the Michaelis-Menten equation to the data. The errors represent the
standard deviation from three independent measurements.
Labeling of TLP-ste
The enzyme (10 μM of pseudo wildtype TLP-ste (C288L) or TLP-ste C288L/
N181C) was mixed with 1 mM BCN-maleimide (BCN-(POE)3-NH-C(O)CH2CH2-
CH2 maleimide, Synaﬃx) in borate buﬀer pH 7.5, containing 10 % DMSO and
20 % isopropanol to prevent autodigestion. The maleimide-thiol reaction is usu-
ally performed at pH 7, while the reaction between NHS-esters and amines is more
eﬃcient at pH 8 or higher. To allow both reactions to occur in the same mixture,
a pH of 7.5 was chosen as a compromise. After 1 hour of incubation with BCN-
maleimide at room temperature, 200 μM ATTO488 NHS-ester or ATTO565-NHS
ester (ATTO-TEC) was added. The reaction mixture was again incubated for
1 hour at room temperature. Non-reacted reagents were removed using ultraﬁl-
tration (10000 MWCO, Vivaspin 500, Sartorius Stedim Biotech) and gel ﬁltration
(NAP-5, GE Healthcare). During gel ﬁltration the buﬀer was exchanged to MOPS
buﬀer with 20 % isopropanol. The fractions were collected in a 96-well plate and
their absorbance was measured at 280 nm and 488 nm/565 nm to identify the
fractions containing labeled enzymes and to determine the degree of labeling (0.4
for both enzyme samples).
Enzyme immobilization on glass coverslips
Glass coverslips (Menzel Gla¨ser) were cleaned by sonication in acetone, 10 % NaOH
and ultrapure water. Following extensive rinsing with ultrapure water, they were
dried under a ﬂow of nitrogen. The cleaned coverslips were placed into a UV/ozone
cleaner (Novascan) for 1 hour to increase the number of silanol groups on the
surface for the following silanization step. The coverslips were submersed in a
solution of 2 % epoxysilane (3-glycidyloxypropyl trimethoxysilane; Sigma Aldrich),
88 % ethanol and 10 % ultrapure water. Following 30 minutes of incubation at
room temperature, the coverslips were rinsed with ethanol and ultrapure water
and dried with a stream of N2. In the next step, 30 mg of the heterobifunctional
NH2-PEG-N3 (5000 Da; Rapp Polymere) was placed directly onto one coverslip.
A second coverslip was placed on top, forming a sandwich. The coverslip sandwich
was placed at 95 ◦C to melt the PEG powder and incubated over night at the same
temperature to allow the amino-groups of the PEG to react with the epoxy groups
on the coverslip. The PEG-functionalized coverslips were carefully separated and
rinsed with ultrapure water and dried under N2. A solution of ATTO565-labeled
enzymes, carrying a BCN functional group, was spotted onto the freshly prepared
azide-functionalized coverslips and incubated at 4 ◦C in a humid atmosphere for
2 hours. To remove non-reacted enzymes from the surface, the enzyme solution
was removed with a pipette and the coverslips were gently rinsed with ultrapure
water. The coverslips containing immobilized and ﬂuorescently labeled enzymes
were analyzed with a microarray scanner (MArS, Ditabis). For single-molecule
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detection, ATTO488-labelled enzymes were used and the coverslips were imaged
using the previously described confocal microscope.
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5.A Solubility of the FRET-labeled peptides
To obtain information about the maximum solubility of the Cy5-labeled substrates
in comparison to the AF647-labeled substrates, a dilution series (1 – 10 μM) was
prepared in MOPS buﬀer (20 mM MOPS pH 7.2, 5 mM CaCl2) with 10 % DMSO.
The ﬂuorescence intensity of the donor-acceptor labeled peptides was measured
with a microplate reader (λex = 450 nm, λem = 520 nm) before and after complete
hydrolysis (incubation with 1 nM TLP-ste C288L/N181C for >16 hours at room
temperature in the dark). For each sample, the measured ﬂuorescence intensity
was plotted against the substrate/product concentration (Figure 5.A.1).
If the substrates are fully soluble in the tested concentration range, a linear
relationship between the ﬂuorescence intensity and the substrate concentration
is expected. For all substrates, a linear relationship was observed up to ∼6 μM
(Figure 5.A.1a). Above this concentration, deviations from a straight line become
visible, especially for 4aa-Cy5. This is a clear indication that the substrates are
approaching their solubility limit. After hydrolysis of the substrates, even stronger
deviations were observed for some of the substrates, in particular for 4aa-Cy5 and
6aa-Cy5. When the concentration of the hydrolyzed substrate exceeded 2.5 μM
for 4aa-Cy5 and 5 μM for 6aa-Cy5, the ﬂuorescence intensity showed a plateau
or even a slight decrease, suggesting that the products form aggregates above the
respective concentrations.
Figure 5.A.1. Results of the solubility test performed for all substrates and their
corresponding products. Normalized ﬂuorescence intensity of the substrate solutions
before (a) and after (b) complete hydrolysis. The ﬂuorescence intensity was normalized
(2 μM substrate is equal to 100 arbitrary units) to compensate for diﬀerent gain values
used with the microplate reader.
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5.B Control experiments for the time-resolved mea-
surements
In general, the time resolution of the TCSPC setup is characterized by the full-
width at half-maximum (FWHM) value of its instrument response function (IRF).
The most critical parameters that determine the shape and FWHM of the IRF
are the time resolution of the detector and the pulse shape of the excitation source
(laser pulse). It is known that the shape and width of the laser pulse (LDH-D-
C-485) strongly depends on the output power. To optimize the time resolution of
the TCSPC setup (i.e. to obtain the IRF characterized by the narrowest FWHM),
the IRF was determined for a range of laser intensities (Figure 5.B.1, Table 5.B.1).
The narrowest FWHM was found when the laser intensity was set between 3.65 –
3.70 at the laser intensity knob of the laser driver unit (PDL-800-D, PicoQuant).
In addition to the shape and width of the IRF, the laser intensity also has an
inﬂuence on the peak position. Small variations in these parameters were observed
on diﬀerent measurement days. The IRF was therefore measured at the start of
every series of measurements. The FWHM value of all measurement days was
0.149 ± 0.004 nm.
Figure 5.B.1. Instrument response function (IRF) of the TCSPC setup measured
at diﬀerent laser intensities. The indices are described in Table 5.B.1. The best IRF
(narrowest FWHM; index 8) is drawn with a thicker line.
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Table 5.B.1. IRF parameters measured using a range of laser intensities. The
laser knob value relates to the actual knob reading on the laser driver unit (PDL-
800-D, PicoQuant). The intensity value is measured in the optical path right
before the dichroic mirror. Shown are the IRF peak position and the full-width
at half-maximum (FWHM) of the IRF.
Index
Laser knob
reading
Intensity
(μW)
Peak
(ns)
FWHM
(ns)
1 3.35 1.4 4.644 0.260
2 3.40 6.6 4.620 0.224
3 3.45 12.9 4.508 0.260
4 3.50 16.7 4.296 0.388
5 3.55 18.4 4.228 0.220
6 3.60 20.9 4.188 0.164
7 3.65 23.4 4.156 0.144
8 3.70 25.7 4.136 0.144
9 3.75 29.5 4.112 0.152
10 3.80 32.3 4.096 0.168
11 3.85 35.5 4.064 0.180
12 3.90 37.5 4.044 0.232
13 3.95 41.8 4.024 0.288
14 4.00 44.5 4.016 0.356
15 4.05 47.0 3.996 0.400
5.C Kinetic measurements
To test the functionality of the FRET-labeled peptides as enzyme substrates, the
donor and acceptor intensities were followed over time after adding TLP-ste to the
diﬀerent substrate solutions. Figure 5.C.1 shows the substrate 4aa-AF647 as an
example. At t = 0 min, most of the emitted photons originated from the acceptor
(λem = 660 nm). As the reaction proceeded, the acceptor intensity decreased
while the intensity of the donor increased. When following the enzymatic progress
curve at the emission maxima of the donor (λem = 520 nm) and the acceptor
(λem = 660 nm), a typical saturation curve was obtained (Figure 5.C.1b). This
clearly indicates that the substrate is cleaved by the enzyme in a speciﬁc manner,
validating the choice of the amino acid sequence.
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Figure 5.C.1. Enzymatic hydrolysis of the substrate 4aa-AF647 using 1 μM substrate
and 30 nM of TLP-ste C288L/N181C. a) Emission spectra at diﬀerent time points of the
enzymatic reaction recorded when the sample is excited at the donor wavelength (λex
= 450 nm). b) Progress curve of the enzymatic reaction following both donor (λem =
520 nm) and acceptor emission (λex = 660 nm).
5.C.1 Inner ﬁlter effect correction
To correct the kinetic data for the inner ﬁlter eﬀect (IFE), the measured ﬂuores-
cence intensities Fmeas need to be multiplied by an IFE correction factor (IFE):
Fcorr = IFE × Fmeas. The IFE correction factor was determined for all ﬁve sub-
strates. The IFE correction can be calculated from the measured absorbance at the
maximum excitation (490 nm) and emission (520 nm) wavelengths of the donor in
the presence and absence of the product.25 The absorbance-based IFE correction
factor can be calculated24
IFE = 10A(λex)+A(λem)/2 (5.9)
where A(λex) and A(λem) are the absorbance values at the excitation and emission
maxima of the donor, respectively. The correction factor was calculated for every
substrate concentration used in the kinetic measurements (0 – 5 μM of substrate).
A typical plot of the IFE correction factor for diﬀerent substrate concentrations
of 8aa-AF647 is shown in Figure 5.C.2 (500 nM product concentration). The IFE
plots for the other four substrates are very similar (data not shown), which is
not surprising as all substrates are labeled with the same donor. As the IFE is
sensitive to the overall concentration of chromophores in solution, the correction
factor was also calculated for diﬀerent product concentrations (0 μM, 0.05 μM,
0.1 μM and 0.5 μM). The addition of product did not inﬂuence the value of the
IFE in the range of product concentrations tested.
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Figure 5.C.2. Inner ﬁlter eﬀect for the substrate 8aa-AF647 determined from ab-
sorbance measurements. The product concentration used in this measurement was
500 nM, using both the N-terminal product 5(6)-CF-PSVAG and the C-terminal product
LAGG-Cys(AF647)-NH2.
5.C.2 Kinetic analysis
For the analysis of the kinetic data, the initial slope of the progress curves (i.e.
ﬂuorescence intensity vs. time) was multiplied with the FRET eﬃciency and
the corresponding IFE correction factor. Subsequently, these values were con-
verted into initial reaction velocities using a calibration factor that relates the
ﬂuorescence intensity to the product concentration. The data was plotted in the
Michalis-Menten or Eadie-Hofstee form (Figure 5.C.3). Both plots were ﬁtted to
the corresponding equation to determine the KM and kcat values. A comparison
of the kinetic constants obtained from the Michaelis-Menten and Eddie-Hofstee
plots is summarized in Table 5.C.1.
Table 5.C.1. Comparison of the kinetic valuesKM and vmax for all ﬁve substrates
(after IFE and FRET eﬃciency corrections) obtained when ﬁtting the data to the
Michaelis-Menten or the Eadie-Hofstee equation.
Substrate
KM (μM) vmax (× 10−4) (μM/s)
Michaelis-Menten Eadie-Hofstee Michaelis-Menten Eadie-Hofstee
4aa-Cy5 2.4 ± 1.9 2.1 ± 1.8 3.7 ± 1.6 3.4 ± 1.3
6aa-Cy5 11.6 ± 13.0 3.4 ± 0.9 29.6 ± 26.6 12.6 ± 3.3
8aa-Cy5 17.6 ± 11.1 4.7 ± 2.5 78.2 ± 48.2 27.0 ± 14.5
4aa-AF647 53.3 ± 33.9 26.5 ± 17.4 7.0 ± 3.8 3.4 ± 1.9
8aa-AF647 77.6 ± 38.5 28.6 ± 7.0 57.0 ± 27.0 22.8 ± 5.4
Processed on: 10-11-2016
506322-L-bw-Turunen
5.C Kinetic measurements 127
Figure 5.C.3. Michaelis-Menten and Eadie-Hofstee plots for all ﬁve substrates, after
IFE and FRET eﬃciency correction.
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6.1 Introduction
Overcoming current bottlenecks in single-enzyme experiments requires mono-subs-
tituted ﬂuorogenic substrates as well as strategies for improving the signal-to-noise
ratio (SNR) of the measurement.1,2 Especially the SNR is a crucial parameter. It
does not only determine the accuracy of single-turnover detection, but also deﬁnes
the experimentally accessible range of substrate concentrations. In single-molecule
ﬂuorescence microscopy, the size of the detection volume is the key factor that de-
termines the sensitivity of the measurement and the SNR. New detection schemes
with drastically reduced detection volumes are consequently highly promising de-
velopments for improving single-enzyme experiments (reviewed in Chapter 4). In
particular, detection schemes based on nanophotonic metal structures, such as
zero-mode waveguide (ZMW) nanoapertures, appear to be a highly promising so-
lution.3–5 ZMWs are of special interest as they can be utilized as nanosized reaction
vessels. Enzymes can be immobilized on the glass surface at the bottom of the
ZMW nanostructure where the conﬁned excitation intensity is highest. The main
advantage of using ZMWs is a signiﬁcant reduction of the size of the detection
volume (∼2 to 3 orders of magnitude). ZMWs have further been shown to en-
hance the ﬂuorescence signal.6–9 This enhancement may allow for single-molecule
detection using ﬂuorogenic substrates with low quantum yield ﬂuorophores that
would not be bright enough for conventional confocal detection.
Only a very small number of single-enzyme studies utilizing ZMWs have been
performed so far3,10–12 and not a single experiment has been reported where ﬂu-
orogenic substrates were used for single-turnover detection. The main goal of
this chapter was to set up a ZMW-based detection scheme and to test its perfor-
mance, with a particular focus on the SNR. Ultimately, the new detection scheme
is expected to provide a crucial next step towards more reliable and accurate
single-enzyme experiments in more biologically relevant conditions. To character-
ize and optimize the setup, a series of ZMWs with diﬀerent aperture diameters
were tested. As described already in Chapter 4, aluminium and gold are the most
commonly used materials for fabricating ZMWs. In this chapter, gold was chosen
over aluminium as gold has several advantages: gold is more resistant to oxida-
tion and can easily be passivated against non-speciﬁc biomolecule adsorption using
well-established protocols13 (thiol-gold chemistry). Moreover, strong ﬂuorescence
enhancement (up to 12.5-fold) has been reported for gold ZMWs in the wavelength
range between 600 – 700 nm.7,8
To test this new detection scheme, alkaline phosphatase (AP) was chosen as
a model enzyme. AP is a very suitable enzyme for single-molecule studies. It
is well-characterized and a range of hydrolytically stable mono-substituted ﬂu-
orogenic substrates are available, such as 3-O-methyl ﬂuorescein phosphate,14
TokyoGreen phosphate15 and 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-
one) phosphate (DDAO phosphate).16,17 AP hydrolyzes these non-natural sub-
strates with a high catalytic eﬃciency so that a high turnover rate is expected in
single-turnover experiments. In addition to these more technical aspects, AP is also
an interesting enzyme to study from a biological point-of-view. AP is a dimeric,
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allosteric enzyme with half-sites reactivity (negative cooperativity between the
two monomers). In general, the catalytic mechanism is well understood; however,
much less is known about how the active and allosteric sites in both monomers
communicate with each other. The allosteric site of AP binds magnesium ions and
it is generally believed that Mg2+ binding is involved in communication across the
dimer interface.18 The enzyme is further inhibited by phosphate, i.e. one of its
reaction products. Overall, a number of possibilities are available to manipulate
the activity of AP with the goal of obtaining a more fundamental understanding of
allosteric mechanisms in dimeric enzymes. A dimeric, allosteric enzyme is further
an interesting model system for studying dynamic disorder in more detail.
For setting up the ZMW-based detection scheme, DDAO phosphate was se-
lected as the ﬂuorogenic substrate (Figure 6.1). The dye DDAO is the most
red-shifted of the ﬂuorophores commonly used for the synthesis of ﬂuorogenic
substrates. Its excitation and emission spectra match with the wavelength range
where ﬂuorescence enhancement can be expected in a gold ZMW, making this sub-
strate the most interesting for the planned experiments. While DDAO provides
a stable platform as a mono-substituted ﬂuorogenic substrate, it is signiﬁcantly
less bright than Alexa Fluor 647 (AF647), making detection in a confocal-based
detection scheme very diﬃcult. Considering a possible enhancement in the ZMW,
DDAO is consequently a good test system for investigating the performance of the
ZMW-based detection scheme.
The chapter is structured as follows: First, the optimal diameter of the ZMW
aperture was determined. Performing ﬂuorescence correlation spectroscopy (FCS)
diﬀusion experiments in ZMW apertures of diﬀerent diameters, the size of the
detection volume and the ﬂuorescence enhancement were determined for the ref-
erence ﬂuorophore AF647 as well as for DDAO. In the following step, a procedure
was developed for immobilizing the enzyme to the bottom glass surface of the
ZMW aperture. In parallel, ensemble kinetic measurements were performed to
determine the kinetic constants of AP hydrolyzing DDAO phosphate. Lastly, ﬁrst
single-enzyme activity measurements were performed in the ZMW together with
a number of control experiments to verify that intensity ﬂuctuations in the ZMW
aperture do indeed originate from enzyme activity.
Figure 6.1. Reaction scheme showing the alkaline phosphatase-catalyzed hydrolysis
of the mono-substituted ﬂuorogenic substrate DDAO phosphate. Enzymatic cleavage
of the phosphate group yields the red ﬂuorescent dye DDAO (λex = 646 nm; λem =
659 nm; Φ = 0.40, ε = 33 000 M−1 cm−1).
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6.2 Results
6.2.1 Optimization of the ZMW aperture diameter
The general design of the gold-based ZMW apertures is shown in Figure 6.1a. The
ZMWs are fabricated on top of a glass coverslip. The thickness of the gold ﬁlm was
150 nm. A chromium layer with a thickness of 5 nm was sandwiched between the
glass surface and the gold to ensure good adhesion of the gold ﬁlm. The ﬁrst goal of
this project was to ﬁnd out which aperture diameter yields the smallest detection
volume and strongest ﬂuorescence enhancement. Based on published results,7 four
diﬀerent aperture diameters (250 nm, 200 nm, 150 nm and 100 nm) were chosen.
A ZMW test sample was prepared, containing 4 areas of 100 ZMW apertures, one
for each diameter. In this way, the diﬀerent aperture diameters could be tested
using the exact same sample solution. Figure 6.1b shows a scanning electron
microscope image of a typical array. The array shows apertures of 150 nm diameter
spaced with a periodicity of 5 μm. Using FCS measurements, the ﬂuorescence
properties as well as the diﬀusion time of AF647 were characterized inside the
ZMW apertures. AF647 is a bright red-ﬂuorescent dye (λex = 650 nm; λem =
664 nm) and has already been used for measurements in ZMWs. More importantly,
it serves as a good reference for the DDAO measurements as it can be measured
using a very similar microscope setup.
Figure 6.1. Gold-based zero-mode waveguides (ZMWs). a) Schematic view of the
ZMW design. A chromium layer was used to improve adhesion of the gold ﬁlm to
the glass surface. b) Scanning electron microscopy (SEM) images of a ZMW array
(150 nm aperture diameter; 5 μm aperture spacing).
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Figure 6.2. Characterization of ZMW apertures using Alexa Fluor 647 (AF647).
a) Confocal scan of a ZMW aperture (150 nm diameter) in the presence of diﬀusing
AF647 ﬂuorophores. b) Intensity time trace measured at the position of the ZMW
aperture (blue) and from the gold surface (red). c) Intensity distributions determined
from the respective time traces shown in b. d) FCS autocorrelation graphs calculated
for the time traces shown in b.
Figure 6.2 shows the results of a FCS measurement where the diﬀusion of
AF647 was monitored inside a ZMW aperture (diameter of 150 nm). To perform
the measurement, 50 μL of the AF647 solution (100 nM) was pipetted on top
of a ZMW sample placed into the microscope sample holder. The laser was fo-
cused on the surface of the coverslip. Upon scanning, bright spots became visible
in the locations of the ZMW apertures (Figure 6.2a), suggesting that the AF647
ﬂuorophores were diﬀusing in and out of the apertures. When recording a ﬂuores-
cence intensity time trace at the location of one aperture, strong ﬂuctuations in
ﬂuorescence intensity were observed, which were absent when positioning the laser
in an area between apertures (gold background; Figure 6.2b). The corresponding
intensity distributions (Figure 6.2c) showed clear diﬀerences between the signal
recorded inside the aperture and the background. The intensity distribution of
the low intensity background signal could be ﬁtted with a Poisson distribution
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and showed no correlation in the autocorrelation graph (Figure 6.2d). Correlation
would be expected if the signal originates from ﬂuorophores that diﬀuse through
the detection volume. As no correlation was observed, it can be concluded that
the background signal originates from the back reﬂection of the excitation light at
the surface of the gold ﬁlm.
To identify the optimal ZMW aperture diameter, all the diﬀerent aperture
sizes were characterized using the same solution of AF647 (100 nM in ultrapure
water). For comparison, the same AF647 solution was also measured using a
conventional confocal detection scheme. For the measurement inside the ZMW
aperture, the laser was focused on the glass surface at the bottom of the ZMW.
For the confocal reference measurement, the laser focus was positioned 5 μm deep
into the solution. A ﬂuorophore concentration of 100 nM is in the upper limit for
FCS measurements and it is diﬃcult to accurately ﬁt the correlation curve and
determine the ﬂuorescence enhancement. To be able to determine these parameters
accurately, the confocal reference measurement was also performed with a lower
AF647 concentration of 1 nM. For each measurement, a time trace of 60 s was
recorded and the FCS autocorrelation function was calculated.
Figure 6.3. FCS autocorrelation curve showing the diﬀusion of 1 nM AF647 in a
conventional confocal detection volume. The solid lines represent the ﬁts. The ﬁt
parameters of the 2D-diﬀusion model(green line) are: N = 0.26, τD = 31.3 μs, R
2 =
0.989. The ﬁt parameters of the 2D-diﬀusion model including the triplet state decay
component (red line) are: N = 0.30, τD = 43.6 μs, Nt = 0.43, τt = 1.1 μs, R
2 =
0.999.
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Similar to Cy5, AF647 may form non-ﬂuorescent cis-isomers and triplet states.19
Thus, it was required to add a triplet state decay component in the ﬁtting function
in addition to the diﬀusion component (Figure 6.3). Including this triplet state
decay component, the autocorrelation curves recorded from the ZMWs were ﬁtted
with a three-dimensional diﬀusion model:
G(τ) =
1
N
[
1 +
NT
1−NT exp
(
− τ
τT
)]
1(
1 + ττD
)√
1 + τs2τD
, (6.1)
where N is the average number of molecules in the volume, NT is the fraction of
molecules in the triplet state, τT is the triplet state decay time, τD is the molecular
diﬀusion time and s represents the structural parameter, which is deﬁned as the
ratio of the 1/e2 radii of the vertical z0 and horizontal r0 direction of the detec-
tion volume s = z0/r0. For the confocal reference measurement, the simpliﬁed
2D diﬀusion model was suﬃcient (described in Chapter 3). It should be noted
that strictly speaking, the three-dimensional diﬀusion model is not valid inside
the ZMW. It does ﬁt the experimental data with suﬃcient quality, however.7,9
Furthermore, in this experiment, N , which is the most important parameter for
the determination of the detection volume and ﬂuorescence enhancement, does not
depend on the shape of the correlation curve. N directly relates to the concentra-
tion of ﬂuorophores so that the relative reduction of the eﬀective detection volume
Vdet,ZMW/Vdet,conf inside a ZMW aperture can be calculated as follows:
Vdet,ZMW
Vdet,conf
=
CZMW
Cconf
NZMW
Nconf
(6.2)
where C is the concentration of ﬂuorophores. To quantify the ﬂuorescence en-
hancement, the average count rate per molecule (CRM) was calculated:
CRM =
�F (t)�
N
(6.3)
where �F (t)� is the average photon count rate per second (counts/s). The ﬂuores-
cence enhancement η was calculated:
η =
CRM
Iexc
(6.4)
where Iexc is the excitation intensity. The correction with the excitation intensity
was required because of small intensity diﬀerences between the confocal reference
measurement and the measurement in the ZMW aperture (48 μW for the mea-
surements in the diﬀraction limited volume and 44 μW for the measurements in
the ZMWs; measured in front of the excitation ﬁlter). In the ﬁtting procedure,
the structural parameter s was set as a free parameter and it converged to a value
∼1.0 for all the measurements. In addition, the triplet state populations NT and
decay times τT were found to be in the range from NT = 0.40 ± 0.05 and τT =
1.26 ± 0.25 μs for all aperture diameters.
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Figure 6.4. Comparison of the diﬀusion behavior of AF647 in a confocal detection
volume and in the ZMW aperture. a) FCS autocorrelation functions of 100 nM
AF647 in a confocal detection volume and in ZMWs of diﬀerent sizes. The solid
lines represent ﬁtted curves. b) Zoom into the autocorrelation function obtained
for the confocal detection volume. c) Normalized autocorrelation functions of the
respective measurements. In this graph, 1 nM AF647 was used for the measurement
with a confocal detection volume.
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Examples of the FCS autocorrelation curves for both measurements are shown
in Figure 6.4. All results of the FCS analysis are summarized in Table 6.1. Shown
are average values determined from 3 diﬀerent ZMW apertures, each measured for
60 s. Whereas a high signal was detected for the 150 nm, 200 nm and 250 nm
apertures, the signal for the 100 nm apertures was signiﬁcantly lower. It was
not possible to accurately ﬁt the respective data and the 100 nm apertures were
left out of the analysis. The most signiﬁcant result is the drastic reduction of
the detection volume when using ZMWs. For the 150 nm aperture, the detection
volume is reduced by almost 3 orders of magnitude (relative Vdet = 0.002). This
value is close to the values reported in the literature ( Vdet,150nm = 4 al, Vdet,conf.
= 750 al, relative Vdet = 0.0053).
6,20 In addition to the volume reduction, the
diﬀusion times τD were signiﬁcantly shorter in the ZMWs. This reduction of the
diﬀusion time reduction is almost linear with the ZMW aperture diameter. This
result is consistent with the literature. In the range of aperture diameters tested,
the diﬀusion time of freely diﬀusing molecules has been shown to vary almost
linearly with the aperture area.21
Table 6.1. Results of the FCS autocorrelation analysis when measuring the
diﬀusion of 100 nM AF647 in ZMWs of diﬀerent diameters.
N
τD
(μs)
CRM (× 103)
(counts/s)
Vdet (Rel) η (Rel)
Confocal 88.0 43.8 ± 0.3* 33.2 ± 0.2* 1.0 1.00
ZMW 250 nm 0.76 ± 0.02 38.3 ± 0.9 56.1 ± 16.5 0.009 1.85
ZMW 200 nm 0.36 ± 0.01 28.2 ± 0.3 82.7 ± 4.5 0.004 2.72
ZMW 150 nm 0.14 ± 0.01 18.1 ± 0.4 107.4 ± 21.2 0.002 3.53
* obtained from the measurement with 1 nM AF647
In addition to the detection volume reduction, a signiﬁcant ﬂuorescence en-
hancement is expected inside the ZMW apertures. The results show a clear, up to
3.5-fold enhancement for the apertures with a diameter of 150 nm (Table 6.1). This
enhancement is signiﬁcant, however, the enhancement factors are lower than re-
ported values in literature. A ∼10-fold enhancement has been reported for AF647
in a gold structure with 150 nm apertures.7,8 To investigate this discrepancy in
more detail, the FCS experiment in the 150 nm aperture was repeated. This
new experiment focused only on comparing the 150 nm ZMW aperture (100 nM
AF647 solution) with a confocal reference measurement (1 nM AF647 solution).
In this new experiment, the count rates per molecule were obtained as CRMconf
= 45.9 × 103 counts/s for the confocal detection volume and CRMZMW,150nm =
329.7 × 103 counts/s for the 150 nm aperture (excitation intensity of 51 μW). Us-
ing these new values, the ﬂuorescence enhancement is 7.2-fold, which is closer to
the expected value. It is important to note that the CRM was higher in this new
confocal reference measurement than in the ﬁrst experiment where the CRM was
only 33.2 × 103 counts/s (Table 6.1). Also the CRM was ∼3-fold higher inside the
150 nm aperture when compared to the ﬁrst experiment where the CRM of 107.4
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× 103 counts/s was determined (Table 6.1). This indicates that the optical path
may have been slightly misaligned in the ﬁrst experiment (Table 6.1), and thus in-
ﬂuenced the ﬂuorescence enhancement. Overall, the smallest detection volume and
the strongest ﬂuorescence enhancement was obtained for the aperture diameter of
150 nm and this diameter was chosen for the singe-enzyme experiments.
6.2.2 Fluorescence properties of DDAO in the ZMW aper-
ture
To investigate if DDAO phosphate can be utilized as ﬂuorogenic substrate for
single-molecule experiments, the ﬂuorescence brightness and the diﬀusion charac-
teristics of DDAO were determined in a confocal detection volume and inside the
150 nm diameter ZMW aperture. A standard FCS measurement was performed
using 1 nM DDAO dissolved in activity buﬀer (see Experimental for details; red
curve, Figure 6.5)). The count rate in this measurement was CRMDDAO of 10.5
× 103 counts/s, which corresponds to a relative brightness of 0.23 compared to
AF647 (CRMAF647 = 45.9 × 103 counts/s), measured under similar conditions.
The brightness of DDAO is clearly lower than AF647, but it is clearly detectable
at the single-molecule level. In contrast to AF647, no triplet state decay compo-
nent was observed for DDAO. Thus, only the diﬀusion term was required for ﬁtting
the data. DDAO is a signiﬁcantly smaller molecule (molecular weightMWDDAO =
308.16 Da) than AF647 (MWAF647 ∼1200 Da) and shows as a signiﬁcantly shorter
diﬀusion time (τD,DDAO = 24.6 μs) in comparison to AF647 (τD,AF647 = 43.8 μs,
see Table 6.1).
The diﬀusion behavior of DDAO inside diﬀerent ZMW apertures showed a lot
Figure 6.5. Comparison of the diﬀusion behavior of DDAO in a conventional
confocal measurement and inside ZMW apertures. a) Examples of typical ﬂuo-
rescence intensity distributions obtained from a FCS measurement in a confocal
detection volume and in two diﬀerent 150 nm diameter ZMW apertures. b) Cor-
responding normalized FCS autocorrelation graphs.
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of variation. Figure 6.5b shows two typical examples of FCS autocorrelation curves
recorded inside the 150 nm ZMW apertures (100 nM DDAO in activity buﬀer).
The data measured in ZMW �1 (blue curve) could be ﬁtted with the 3D diﬀusion
model used earlier for AF647, indicating normal one-component diﬀusion. The
ﬁt yielded a diﬀusion time of 3.1 μs and CRM of 19.75 × 103 counts/s. The
structural parameter s converged to a value of 1.0, similar to the autocorrelation
curves obtained for AF647.
When compared to the values obtained for the confocal detection volume, this
CRM represents a 1.9-fold enhancement of DDAO ﬂuorescence. The FCS curve
measured in ZMW �2 shows deviations from this one-component diﬀusion model
and a long correlation component is visible in the autocorrelation function. This
additional component is present in most of the ZMW apertures measured. This
suggests that DDAO can bind non-speciﬁcally to the gold walls or to the glass
surface on the bottom of the ZMW. It can be assumed that this non-speciﬁc
binding can be prevented when using chemically functionalized surfaces, as will
be described in more detail in the following section. Overall, the data clearly
suggests that individual DDAO molecules can be detected with a high SNR in the
ZMW detection scheme and that a weak ﬂuorescence enhancement is observed for
DDAO inside the ZMW aperture. The presence of non-speciﬁc interactions of the
ﬂuorophore with the surface is clearly not optimal and it remains to be seen if it
continues to be a problem once functionalized ZMWs are used.
6.2.3 Experimental design of single-molecule experiments
For the single-molecule experiments of AP the enzyme was immobilized on the
bottom glass surface of the gold-based ZMW, as shown in Figure 6.6. The ﬁnal
ZMW array design, which was used for the single-turnover measurements, con-
tained 10 000 (100 × 100) ZMW apertures. The apertures had a diameter of
150 nm and a spacing of 10 μm. A commercially available streptavidin conju-
gate of alkaline phosphatase was used (Str-AP conjugate; Str:AP ratio = 2:1) as
it facilitated a straightforward immobilization using the well-established biotin-
streptavidin interaction (Figure 6.6).
Before immobilization, the Str-AP conjugate was ﬁrst labeled with AF647 us-
ing NHS-ester chemistry. Subsequently, the conjugate was immobilized onto the
biotinylated glass surface at the bottom of the ZMW aperture. To ensure se-
lective protein immobilization to the biotinylated surface and to prevent the non-
speciﬁc binding of DDAO reported above, the gold surface was ﬁrst passivated with
an oligo(ethylene glycol)-terminated self-assembled monolayer (EG4-C11-SH). In
the next step, the glass surface was amino-functionalized using a monoreactive
aminosilane. Biotin was introduced on the surface using a hetero-bifunctional
poly(ethylene glycol) linker that carried an amino reactive N-hydroxysuccinimide
(NHS) ester on one end and a biotin group on the other end. In the ﬁnal step, the
AF647-labeled Str-AP conjugate was immobilized onto the biotinylated surface.
Single-molecule activity of the Str-AP conjugate was monitored in real time using
the ﬂuorogenic substrate DDAO phosphate (Figure 6.1) To record single-turnover
time traces, a confocal ﬂuorescence microscope was used that was focused at the
Processed on: 10-11-2016
506322-L-bw-Turunen
140
Towards improved single-turnover detection: a detection scheme based on Zero-mode
waveguides
Figure 6.6. Experimental design for surface functionalization and enzyme im-
mobilization. The gold surface was ﬁrst passivated with oligo(ethylene glycol) using
EG4-C11-SH. The glass surface at the bottom of the ZMW apertures was then amino-
functionalized with a monoreactive aminosilane (3-aminopropyl dimethylethoxy
silane). In the following step, a hetero-bifunctional poly(ethylene glycol) contain-
ing an amino-reactive NHS ester and a biotin group was coupled to the surface. The
AF674-labeled Str-AP conjugate was immobilized on the surface via the streptavidin-
biotin interaction.
bottom surface of a ZMW aperture containing an enzyme. As a control, the ki-
netic performance of the AF647-labeled Str-AP conjugate was measured at the
ensemble level using the same substrate.
6.2.4 Enzyme immobilization
The protocol for surface functionalization and enzyme immobilization was ﬁrst
tested using standard glass coverslips. Figure 6.7a shows confocal scans of the
immobilized Str-AP conjugate (50 pM; left) and of a control experiment where
no enzyme was added (right). The scans show that single enzymes are clearly
immobilized with a suﬃcient spacing and that they can be easily detected with a
good SNR. The control scans of the PEG-functionalized surface without enzymes
conﬁrm that the bright spots originate from the AF647-labeled Str-AP conjugate.
In the next step, the immobilization protocol was adapted for the ZMW aper-
tures. In the very ﬁrst step, before silanizing the glass surface, the gold surface
was passivated with EG4-C11-SH to form a self-assembled monolayer. To test the
applicability of the protocol for the ZMWs, a high enzyme concentration (10 nM)
was used initially. The confocal scan in Figure 6.7c shows that all the apertures
are ﬁlled. To obtain single enzyme occupancy, the Str-AP concentration was re-
duced to the previously tested 50 pM. At this concentration a suﬃcient number
of enzyme-occupied apertures was observed while the majority of apertures was
empty.
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Figure 6.7. Immobilization of the Str-AP conjugate. a) Confocal scans (10
× 10 μm) showing the AF647-labeled Str-AP conjugate immobilized on a biotin-
functionalized glass cover slip and a corresponding control measurement without the
addition of enzyme. b) Intensity time trace showing bleaching of the AF647 label
at the position of a single Str-AP conjugate. c) Confocal scans (100 × 100 μm) of
functionalized ZMW arrays containing immobilized enzymes. At an enzyme con-
centration of 50 pM only a fraction of the ZMW apertures show high ﬂuorescence
intensity, indicating the presence of a single enzyme.
6.2.5 Ensemble kinetic measurements
Ensemble kinetic measurements were performed to determine the kinetic perfor-
mance of the AF647-labeled Str-AP conjugate hydrolyzing DDAO phosphate. En-
zyme activity was measured using 9 diﬀerent substrate concentrations covering the
range between 0.5 – 16 μM. The enzyme concentration was 7.5 pM. The reaction
velocity was determined from the linear part of the kinetic curve and the data
was plotted in the Michaelis-Menten and Eadie-Hofstee form. The values for vmax
(nM/s), KM (μM), kcat (s
−1) and kcat/KM (s−1 μM−1) were obtained from ﬁts
to both graphs and are summarized in Table 6.2 for comparison. The obtained
kinetic constants show good agreement between the diﬀerent ﬁtting methods. Im-
Processed on: 10-11-2016
506322-L-bw-Turunen
142
Towards improved single-turnover detection: a detection scheme based on Zero-mode
waveguides
portantly, the kcat value is more than 100 turnovers per second and KM is in the
low micromolar range. Considering the intended single-molecule application, the
catalytic eﬃciency is clearly suﬃcient for single-turnover detection.
Table 6.2. Kinetic parameters obtained when ﬁtting the Michelis-Menten or the
Eadie-Hofstee equation.
Fitting method
KM
(μM)
vmax
(nM/s)
kcat
(s−1)
kcat/KM
(s−1 μM−1)
Michaelis-Menten 1.31 ± 0.08 1.16 ± 0.01 155 ± 1 118 ± 7.0
Eadie-Hofstee 1.41 ± 0.16 1.20 ± 0.01 160 ± 1 114 ± 12
6.2.6 Single-turnover measurements
For the single-turnover measurement, the ZMW sample was placed into the mi-
croscope sample holder and a solution of DDAO phosphate (50 μl; activity buﬀer
with 5 % DMSO) was added onto the sample. The substrate concentration was
set to 1.2 μM. While this concentration is slightly below the KM of the enzyme
(Table 6.2), it is still expected to yield a high number of turnovers (∼74 s−1) in the
single-molecule experiment. In the next step, an area was scanned to locate the
ZMW apertures that contain an enzyme. The laser focus was then positioned at
the location of an enzyme and an activity time trace was recorded for 5 minutes.
Figure 6.8a shows a typical time trace recorded from a ZMW aperture containing
an enzyme (blue) and from an empty aperture as a control (red). In both time
traces, the vertical dashed line marks the moment when the laser focus was moved
to the position of the ZMW aperture. In the enzyme time trace, bleaching of the
ﬂuorescence label was followed by strong intensity ﬂuctuations. In contrast, the
time trace recorded at the position of an empty ZMW did not show these charac-
teristic ﬂuctuations. This result suggests that the observed intensity ﬂuctuations
originate from enzymatic turnovers and that these turnovers can be distinguished
from the background noise with a high SNR at the substrate concentration used.
A more detailed analysis of the 5 minute time traces from both ZMW aper-
tures shows that the high intensity peaks have a wide intensity distribution (Fig-
ure 6.8b) and that their duration spans over multiple timescales (Figure 6.8c).
The normalized intensity autocorrelation function of the empty, chemically func-
tionalized ZMW aperture shows a very similar shape, as it was observed in the
control measurement where the diﬀusion of DDAO was measured inside a non-
functionalized ZMW aperture (Figure 6.5, ZMW �2). The presence of the long
correlation component again indicates a non-speciﬁc interaction of DDAO inside
the ZMW aperture, even after passivation of both surfaces. When comparing the
data of the empty and the enzyme-containing aperture, however, a clear diﬀerence
between the autocorrelation curves is evident. The enzyme-containing aperture
shows a much stronger correlation at long timescales (∼10−5 – 10−2 s−1), clearly
suggesting that the majority of the observed intensity ﬂuctuations originate from
the enzyme.
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Figure 6.8. Single-turnover measurement of the Str-AP conjugate inside the ZMW
aperture. The blue color represents the measurement of an enzyme-ﬁlled aperture
and the red color the data obtained from an empty aperture of the same sample.
a) Fluorescence intensity time traces obtained when binning the data with 1 ms
bin size. The dashed line marks the moment when the laser focus was positioned
inside the ZMW aperture. b) Intensity distributions of the two measurements. c)
Normalized intensity autocorrelation functions of the corresponding time traces.
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To unambiguously prove that the strong intensity ﬂuctuations are enzymatic
turnovers, a control experiment was performed were the product DDAO was added
instead of the substrate DDAO-phosphate. Considering that DDAO is prone to
non-speciﬁc binding, it cannot be fully excluded that it also interacts with the Str-
AP conjugate. In this control experiment, an enzyme-ﬁlled ZMW aperture was
ﬁrst measured in the presence of substrate (1.2 μM). After 5 minutes, the substrate
solution was replaced with a solution containing DDAO and a 5 minute time trace
was recorded from the same ZMW aperture. The measurement was performed
with three diﬀerent concentrations of DDAO (25 nM, 50 nM and 100 nM). The
ﬂuorescence time traces of these measurements are shown in Figure 6.9a. Strong
intensity ﬂuctuations appear in all time traces independent of the presence of
substrate or product. In the product measurements, the intensity ﬂuctuations
become stronger with higher DDAO concentrations, indicating that the presence of
the product alone is suﬃcient to cause strong intensity ﬂuctuations in an enzyme-
ﬁlled ZMW aperture. When comparing the observed non-speciﬁc events of an
empty ZMW (Figure 6.8) with an enzyme-ﬁlled ZMW (Figure 6.9) it becomes
evident that the intensity ﬂuctuations are a lot stronger in the presence of the
enzyme. This result is a clear indication that the majority of the strong intensity
ﬂuctuations in the control experiment originate from the non-speciﬁc binding of
DDAO to the Str-AP conjugate.
Even though a large fraction of the observed ﬂuctuations seem to originate
from non-speciﬁc binding of DDAO to the Str-AP conjugate it should be noted
at this stage that a clear diﬀerence was still observed between the autocorrelation
function of the substrate and the product measurements (Figure 6.9c). While all
autocorrelation curves show a very stretched correlation over multiple timescales,
the autocorrelation curve of the substrate measurement clearly shows an additional
decay component that could originate from enzymatic activity. The time traces
were further analyzed with change point analysis to investigate the diﬀerences
between the substrate and product control measurements in more detail. Also a
control time trace from an empty ZMW aperture in the same sample was ana-
lyzed in the presence of substrate. The results are summarized in Table 6.3. The
average OFF-state intensities �Ioff � were above 4000 counts/s, which is clearly
suﬃcient for change point analysis to be accurate.1 When comparing the results
of the enzyme-ﬁlled ZMW aperture and the empty aperture in the presence of the
substrate, a clear diﬀerence is observed. Both the OFF- and ON-state intensities
are signiﬁcantly higher in the time trace recorded from the enzyme-ﬁlled aperture.
Most importantly, the average number of ON-states (i.e. the turnover rate) is
∼30-fold higher (306 s−1). This turnover rate is, however, much higher than the
excepted turnover rate calculated from the kinetic constants (see 6.2.5) and the
substrate concentration used (∼74 s−1).
When comparing the control measurements where the product was used in dif-
ferent concentrations, it is observed that the SNRs were above 7 for all the mea-
surements except for the measurements with 100 nM DDAO. Also, the turnover
rates were extremely high in all measurements (>250 s−1) and a clear correla-
tion between the DDAO concentration and the turnover rate was observed. A
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Figure 6.9. Fluorescence time traces recorded from an enzyme-ﬁlled ZMW aper-
ture in the presence of substrate or various concentrations of the product (DDAO).
a) Segments of the ﬂuorescence intensity time traces (1 ms bin). b) Intensity dis-
tributions. c) Normalized intensity autocorrelation functions of the corresponding
time traces.
Processed on: 10-11-2016
506322-L-bw-Turunen
146
Towards improved single-turnover detection: a detection scheme based on Zero-mode
waveguides
signiﬁcant diﬀerence between the measurements in the presence of substrate or
product is observed when focusing on the average ON-times 〈ton〉. The average
ON-time lasts 0.67 ms when substrate is used. In contrast, the average ON-time
was only 0.27 – 0.33 ms for the measurements where the product was present.
This diﬀerence in the average ON-times is also visible in the ON-time distribu-
tions (Figure 6.10a). In this graph, the measurements with DDAO show a very
similar shape independent of the DDAO concentration used; however, the shape of
the ON-time distribution is clearly diﬀerent when the measurement is performed
with substrate. The presence of longer ON-times is a clear indication that en-
zymatic activity is detected in the measurement using the substrate. While the
ON-time distributions show that enzymatic activity is detected, no information
can be extracted from the OFF-time distributions (Figure 6.10b). In the OFF-
time distributions real turnovers are mixed with non-speciﬁc binding events and
these events are indistinguishable. Considering the unexpectedly high number of
events in the measurement with the substrate, this result again conﬁrms that en-
zymatic activity is detected but that the majority of the detected events originate
from the non-speciﬁc binding of DDAO.
Table 6.3. Change point analysis results of the enzyme measurement performed
in the presence of substrate as well as the control experiments. Shown are the
average OFF- and ON-state intensities 〈Ioff 〉 and 〈Ion〉 as well as the SNR, the
average turnover rate 〈k〉 and the average OFF- and ON-times 〈toff 〉 and 〈ton〉.
〈Ioff 〉
(s−1)
〈Ion〉
(s−1)
SNR
〈k〉
(s−1)
〈toff 〉
(ms)
〈ton〉
(ms)
Enzyme ZMW + Substrate 8661 66941 7.7 306 3.26 0.67
Empty ZMW + Substrate 4366 12985 2.95 9.7 103.3 1.18
Enzyme ZMW + DDAO 25 nm 8167 102186 12.51 267 3.74 0.27
Enzyme ZMW + DDAO 50 nm 13882 124673 8.98 559 1.79 0.29
Enzyme ZMW + DDAO 100 nm 49887 195928 3.92 1234 0.81 0.33
Figure 6.10. ON- and OFF-time distributions of the enzyme measurement per-
formed in the presence of substrate as well as the measurements performed at diﬀer-
ent product concentrations. a) ON-time distributions obtained using change point
analysis. b) Corresponding OFF-time distributions.
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After recognizing the problem of non-speciﬁc product interactions, additional
enzyme activity measurements were performed to identify if this problem was spe-
ciﬁc for this particular enzyme-ﬁlled ZMW aperture or if this is a more general
problem. Having recorded 7 time traces, one time trace of 15 minutes was found
where this non-speciﬁc interaction was most likely absent (Figure 6.11). For this
time trace with a SNR of 8.5, change point analysis yielded an average turnover
rate of 15 s−1 and an average ON-time of 0.78 ms (see Table 6.4). This turnover
rate is signiﬁcantly lower and appears more realistic when compared to the ex-
pected turnover rate of 74 s−1. Moreover, the average ON-time is even longer
than the average ON-time obtained for the enzyme activity time trace analyzed
earlier (0.67 ms, Table 6.3). These results suggest that the non-speciﬁc interaction
of DDAO is absent in this measurement.
Figure 6.11. Single-turnover measurement of AP inside the ZMW aperture (in
the absence of non-speciﬁc DDAO interactions). a) Intensity time trace of a 100 s
section (1 ms bin). b) Intensity distribution of the full 15 min time trace. c) Intensity
autocorrelation function of the full 15 min time trace.
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In addition to change point analysis, the ON-OFF assignment for this time
trace was also performed using the threshold method for comparison. Applying
threshold analysis to this time trace is more diﬃcult as the intensity distributions
of the ON and OFF-states overlap and cannot be ﬁtted with a Poisson distribu-
tion. To reduce the subjectivity in positioning the threshold level, the following
procedure was used: The raw data (macro-time trace) was binned with a 1 ms
bin size to obtain the intensity time trace. Short segments (20 s) were taken from
the start and the end of the time trace and compared to test if the background
intensity increased during the measurement. The average count rates were 2681
counts/s (start) and 2825 counts/s (end), indicating only a minimal increase in
the background signal (Figure 6.12a). Therefore, to simplify the analysis, a single
threshold level was used for the complete time trace.
Table 6.4. Change point and threshold analysis results of the single-turnover
time trace presented in Figure 6.11. Shown are the average OFF- and ON-state
intensities 〈Ioff 〉 and 〈Ion〉 as well as the SNR, the average turnover rate 〈k〉 and
average OFF- and ON-times 〈toff 〉 and 〈ton〉.
〈Ioff 〉
(s−1)
〈Ion〉
(s−1)
SNR
〈k〉
(s−1)
〈toff 〉
(ms)
〈ton〉
(ms)
Change point 2731 23355 8.54 14.77 67.7 0.78
Threshold 2550 15134 5.61 14.90 65.6 1.50
In the next step, the average frequency of detected events was calculated for dif-
ferent threshold positions, covering the complete intensity range of the time trace.
The obtained frequency of events was then plotted as a function of the thresh-
old level (Figure 6.12b). At low threshold positions, a high number of events is
detected as the majority of events originates from low intensity background ﬂuc-
tuations. When moving the threshold to higher intensity values, the probability of
detecting background ﬂuctuations decreases more and more. If the threshold is too
high, however, also the chance of missing real enzymatic turnovers increases. The
optimal threshold position is located at that intensity level where the frequency
of false events from background ﬂuctuations is minimized while, at the same time,
the amount of detected enzymatic turnovers is maximized. To set the threshold,
the low intensity background part (i.e. the frequency of false events) was approx-
imated with two Poisson distributions to compensate for the wide distribution.
It is not clear if this ﬁt describes a real physical process; however, it ﬁts the low
intensity part with suﬃcient quality. Knowing the number of false events, the
diﬀerence between the total number of events and the false events was calculated
to obtain the number of real turnover events for every possible threshold level.
The threshold was then set to that intensity level, where this diﬀerence was high-
est (Figure 6.12b, red curve). This threshold position corresponds to an intensity
value of 8000 counts/s (Figure 6.12b, vertical black line). At this threshold posi-
tion the SNR is 5, which is slightly lower then the SNR determined from change
point analysis (Table 6.4).
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Figure 6.12. Threshold analysis of the single-turnover measurement of AP. a) In-
tensity distributions of two 20 s sections of the time trace, taken from the start and
the end of the time trace, respectively. b) Number of detected events plotted as a
function of the threshold intensity level. The green line represents a ﬁt (2 Poisson
distributions) to the low intensity part that corresponds to false events originating
from background ﬂuctuations. The red curve represents the diﬀerence between the
total number of events and the number of false positive events. The threshold po-
sition is set at the intensity level where this diﬀerence reaches its maximum value
(marked as vertical black line). c) OFF- and d) ON-time distributions of the time
trace obtained using change point and threshold analysis.
The results obtained from threshold and change point analysis are summarized
in Table 6.4. They are very similar, yielding an average turnover rate of ∼15 s−1.
The corresponding OFF- and ON-time distributions (Figures 6.12c and d) show
that not only the average turnover rates are very similar. Also the dwell-time
distributions possess an almost identical shape. The OFF-time distributions show
a very similar decay proﬁle, which seems to be mostly mono-exponential. Small
diﬀerences can be observed for very short OFF-times. The over-representation of
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short OFF-times is typical for threshold analysis. Here, a high number of very
short OFF-times is also observed when using change point analysis, even though
the number is smaller. At the current stage, the question remains whether this
eﬀect is an artifact or if it is a characteristic feature of the enzymatic reaction. To
investigate the origin of this observation further, more successful measurements
in the absence of non-speciﬁc DDAO interactions are required. In addition to the
OFF-time distributions, also the ON-time distributions have a very similar shape.
It should be noted, however, that the average ON-time obtained after change point
analysis (0.78 ms) is shorter than the bin size used for threshold analysis. The
longer average ON-time as well as the lower SNR obtained when using threshold
analysis are therefore a direct consequence of binning. In this context, it is diﬃcult
to compare the average ON-times and the ON-time distributions directly.
6.3 Discussion
The goal of this chapter was to implement a ZMW-based detection scheme for
single-turnover experiments. First a series of ZMW arrays with diﬀerent aperture
diameters (100 – 250 nm) was characterized to determine the size of the detection
volume and to quantify the ﬂuorescence enhancement. Performing FCS measure-
ments with AF647 as a reference ﬂuorophore, an aperture diameter of 150 nm
was shown to yield a relative detection volume reduction of almost 3 orders of
magnitude compared to a diﬀraction-limited confocal detection volume. A more
signiﬁcant reduction of the detection volume is expected for the 100 nm aper-
ture diameter. The smallest apertures with 100 nM diameter, however, showed
an extremely low signal and could not be measured accurately. For the func-
tional aperture diameters, a signiﬁcant ﬂuorescence enhancement was observed.
The strongest enhancement of 7-fold was observed for the aperture diameter of
150 nm. This enhancement value is close to the reported value in the literature
(∼10-fold).7 The small diﬀerence compared to the previously reported enhance-
ment may be related to diﬀerences in the experimental setups. In this study, an
excitation wavelength of 640 nm was used instead of 633 nm. As described in
Chapter 4, ﬂuorescence enhancement in ZMW apertures is a complex process.
Surface plasmon resonance in the metal is wavelength dependent and can either
quench or enhance excitation and/or emission.4,22 Another major diﬀerence in
the experimental setups is the objective. Here, an oil-immersion objective was
used, whereas a water-immersion objective was used in the earlier experiment. In
general, an oil-immersion objective should provide an even stronger enhancement,
however, as the ﬂuorescence collection eﬃciency is optimized when the detection
volume is located on the surface of the glass. The collection eﬃciency is lower when
the laser is focused into the solution. This is the result of optical aberrations that
originate from the refractive index mismatch between water and glass. Therefore,
the diﬀerent objectives do not explain the diﬀerence in the measured enhance-
ment. As the diﬀerences were small and are not crucial for the performance of the
setup for single-turnover measurements, no further investigation was carried out.
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The ZMW aperture with a diameter of 150 nm was shown to possess the smallest
detection volume combined with the strongest ﬂuorescence enhancement. It was
therefore chosen for all single-turnover experiments.
After the optimal ZMW diameter was determined, the brightness of DDAO,
the product of the enzymatic reaction, was determined inside the 150 nm aperture
and compared to a conventional confocal detection volume. DDAO was found
to be signiﬁcantly less bright than AF647 (relative brightness ≈ 0.23). DDAO
ﬂuorescence was further enhanced only 1.9-fold inside the ZMW aperture. When
considering the planned single-turnover measurements, this enhancement is im-
portant for increasing the SNR of the measurement. Even though a stronger
enhancement is clearly desired, these measurements show that DDAO is detected
in the ZMW aperture with a high SNR.
The model enzyme alkaline phosphatase was successfully immobilized inside
biotin-functionalized ZMW apertures, using the commercially available Str-AP
conjugate. In the presence of DDAO phosphate, strong ﬂuorescence ﬂuctuations
were observed from ZMW apertures containing a single enzyme. Using change
point analysis, a signiﬁcantly higher SNR and turnover rate were detected than
for a control time trace recorded from an empty ZMW aperture, suggesting that
the enzyme is catalytically active. Further control experiments have shown, how-
ever, that these strong ﬂuctuations also occur if the enzyme is incubated with
product instead of substrate and that the frequency of these ﬂuctuations depends
on the DDAO concentration. This behavior was only observed in apertures con-
taining enzymes, suggesting that these strong ﬂuctuations partially originate from
non-speciﬁc adsorption of DDAO to the enzyme conjugate. The presence of enzy-
matic activity was still observed as a longer average ON-time, suggesting that the
enzymatic reaction is slower than transient non-speciﬁc binding events of DDAO.
Despite these diﬀerences in the duration of the extracted ON-times it was un-
fortunately not possible to unambiguously distinguish enzymatic turnovers from
non-speciﬁc events as the relative diﬀerence between the respective ON-times was
not suﬃcient. An important goal for future work is to ﬁnd strategies to prevent
non-speciﬁc enzyme-product interactions.
After recognizing the problems caused by the non-speciﬁc interaction of DDAO,
one single enzyme time trace was found where these interactions were most likely
absent. This time trace was characterized by a more realistic turnover rate,
a long average ON-time and a strong long-term correlation component. For this
time trace, the ON-OFF assignment was performed using both change point and
threshold analysis. Surprisingly, threshold analysis did not only yield a similar
turnover rate but also dwell-time distributions with an almost identical shape
when compared to the change point analysis results. Considering published re-
sults,1 this is the ﬁrst time that these two analysis methods yield almost identical
results. This may be interpreted as a strong indication that the ZMW setup pro-
vides high quality data so that the choice of analysis method does not aﬀect the
obtained result. Considering the observed non-speciﬁc binding, however, more
data is clearly needed until ﬁnal conclusions can be drawn. To overcome the prob-
lem of non-speciﬁc binding and to optimize the setup further, various other mono-
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substituted ﬂuorogenic substrates are available for alkaline phosphatase, such as 3-
O-methyl ﬂuorescein phosphate14 and TokyoGreen phosphate.15 These substrates
are ﬂuorescein-based, however, and the gold-based ZMWs may not be optimal.
When using these substrates, strong plasmonic excitation of gold at the emission
wavelength of ﬂuorescein may interfere with the measurement. Therefore, ZMWs
fabricated in aluminum may be a more suitable alternative for measuring single-
molecule activity of alkaline phosphatase with these substrates.
Once a solution to the problem of non-speciﬁc adsorption is found, the next
step would be to further conﬁrm enzymatic activity. Diﬀerent concentrations of
the inhibitor phosphate can be added to determine if the frequency of the ﬂuores-
cence ﬂuctuations is modulated by the inhibitor concentration. Subsequently, the
Michaelis-Menten constants can be determined using a range of substrate concen-
trations. Measurements at saturating substrate concentrations would further allow
for investigating the presence of dynamic disorder. And last but not least, diﬀer-
ent concentrations of the allosteric eﬀector Mg2+ can be added to study allosteric
regulation mechanisms and intra-protein communication at the single-molecule
level.
6.4 Conclusions
A new ZMW-based detection scheme for studying single-enzyme kinetics was in-
troduced and characterized. The optimal size of a ZMW aperture is deﬁned by
the detection volume and the ﬂuorescence enhancement, which can both be deter-
mined from ﬂuorescence correlation spectroscopy measurements. To immobilize
the model enzyme alkaline phosphatase at the bottom of the ZMW apertures, a
generally applicable surface functionalization and enzyme immobilization method,
based on the streptavidin-biotin interaction, was developed. Proof-of-principle
single-turnover measurements were performed using DDAO phosphate as a sub-
strate. The signal-to-noise ratio (SNR) of the measurement was signiﬁcantly im-
proved (SNR >8) compared to conventional confocal detection schemes (SNR <4).
For the ﬁrst time, the two principally diﬀerent analysis methods, change point
and threshold analysis, yielded almost identical results, validating the superior
performance of this new detection scheme. The results further show that ﬂuo-
rophores that possess a relatively low brightness such as DDAO can be detected
with a high SNR when measured inside ZMW apertures. The remaining problem
of non-speciﬁc product interactions prevented a more systematic kinetic analysis.
Addressing this problem should be a key goal for future research and the use of
other substrates may be one possible solution. Overall, this chapter highlights the
potential of ZMWs as a new platform for single-enzyme experiments.
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6.5 Experimental
Materials
The streptavidin-alkaline phosphatase conjugate (Str-AP conjugate) was purcha-
sed from Sigma-Aldrich. The enzyme used in this conjugate was extracted from
bovine intestinal mucosa (molecular weight ∼150 000 Da). Alexa Fluor 647-
NHS (AF647-NHS; Thermo Fisher Scientiﬁc) was used for enzyme labeling. The
ﬂuorogenic substrate 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one) phos-
phate (DDAO phosphate) was purchased from Thermo Fisher Scientiﬁc. DDAO
phosphate was puriﬁed using preparative reverse-phase HPLC (C18-column). The
oligo(ethylene glycol)-terminated thiol compound EG4-C11-SH was purchased from
ProChimia Surfaces. For silanization, 3-aminopropyl dimethylethoxy silane was
obtained from ABCR. Biotin-PEG-NHS (MW = 5000 Da) was purchased from
RAPP Polymere.
Zero-mode waveguide array design and fabrication
Zero-mode waveguide samples were obtained from the group of Prof. Thomas
Ebbesen (Institut de Science et d Inge´nierie Supramole´culaires, Strasbourg, Fran-
ce). The ZMWs were fabricated on glass cover slips (24 mm diameter, 170 μM
thickness, Menzel Gla¨ser). A layer of chromium (5 nm) followed by gold (150 nm)
was evaporated onto the cover slip. The chromium layer was used to improve the
adhesion of gold. The ZMW apertures were fabricated using focused ion beam
(FIB) milling. A typical ZMW sample for the initial test experiments contained
ZMW apertures of diﬀerent diameters (100 – 250 nm) arranged in a square array
of 10 × 10 apertures for each diameter (5 μm periodicity). The ﬁnal, optimized
design used for the single-turnover experiments contained 10 000 (100 × 100)
ZMW apertures with a diameter of 150 nm diameter (10 μm periodicity).
Labeling of the Str-AP conjugate with Alexa Fluor 647
The Str-AP conjugate was obtained as a lyophilized powder (1 mg; >40 % pro-
tein content, Str:AP ratio of 2:1). The molecular weight of the Str-AP conjugate
was calculated to be ∼255 000 Da. This value was estimated using the well-
known molecular weight of Streptavidin (13 200 Da per monomer) and alkaline
phosphatase from bovine intestinal mucosa (∼150 000 Da). The protein pow-
der was dissolved in 500 μl of borate buﬀer (50 mM, pH 9) to obtain a protein
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concentration of ∼1 mg/ml. Based on the estimated molecular weight, a molar
concentration of ∼4 μM was calculated for this solution of the conjugate. The
NHS-activated AF647 ﬂuorophore was dissolved to a concentration of 1 mM in
dry DMSO. In the labeling reaction, a 25 × molar excess of the dye was used (ﬁ-
nal concentration of 100 μM in 10 % DMSO). To start the labeling reaction, 50 μl
of the 10 × concentrated AF647-NHS solution was added to the solution of the
Str-AP conjugate (500 μl). The reaction mixture was kept at room temperature
for 30 min and then incubated at 4 ◦C over night. Unreacted dyes were removed
by ultraﬁltration (10000 Da cut-oﬀ, Amicon Ultra 4, Merck Millipore) followed by
gel ﬁltration (NAP-5 column, GE Healthcare). During puriﬁcation, the buﬀer was
exchanged to activity buﬀer (20 mM tricine pH 8.0, 0.5 M NaCl, 1 mM MgCl2,
0.1 mM ZnCl2). A labeling ratio of ∼1.1 dye:protein was determined from ab-
sorbance measurements at 280 nm and 650 nm (AF647). A conversion factor of
1 A280 = 1 mg/ml was assumed to obtain the protein concentration. The sample
was divided into 20 μl aliquots and stored at -80 ◦C.
Ensemble kinetic measurements
Ensemble kinetic measurements of the labeled Str-AP conjugate were performed
in a microplate reader (Tecan Inﬁnite 200 Pro, λex = 620 nm, λem = 660 nm).
Enzyme activity was measured using the following substrate (DDAO phosphate)
concentrations: 0.5, 1, 2, 3, 4, 6, 8, 12, 16 μM . The enzyme concentration was
7.5 pM. In all cases the Str-AP conjugate and the buﬀer were premixed in the well
plate and substrate was added just before the measurement (200 μl ﬁnal volume,
5 % DMSO). The measurement was performed at 37 ◦C for 30 min (22 s inter-
vals). Calibration curves were measured using the product ﬂuorophore DDAO.
The obtained calibration factor was used to convert the measured intensities into
concentrations of product. In the next step, the linear part of the progress curve
was ﬁtted with a straight line to obtain the reaction velocity. Subsequently, the ve-
locity values were plotted against the respective substrate concentration to yield
the Michaelis-Menten plot. In addition, the data was plotted in Eadie-Hofstee
form. The kinetic constants KM and kcat were obtained from ﬁtting both the
Michaelis-Menten and Eadie-Hofstee plots with the corresponding equations.
Sample preparation for single-molecule measurements
Gold passivation
The gold surface of the ZMW samples was passivated with EG4-C11-SH, which
forms an oligo(ethylene glycol)-terminated self-assembled monolayer (SAM). Be-
fore passivation, the ZMW samples were rinsed thoroughly with copious amounts
of 70 % ethanol and incubated in the same solution over night. The ZMW samples
were then dried under a stream of N2. The samples where placed into an UV-ozone
cleaner for 1 h to remove any remaining impurities and to increase the number
of silanol-groups on the glass surface located at the bottom of the ZMW aper-
tures. After UV-ozone treatment, the ZMW samples were incubated in a solution
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of 5 mM EG4-C11-SH in ethanol for 15 hours. After incubation, the samples were
rinsed with ethanol to remove any unbound thiols and dried with N2.
Zero-mode waveguide functionalization
Immediately after gold passivation, the ZMW samples were submerged in the
freshly prepared silane solution (2 % 3-aminopropyl dimethylethoxy silane, 10 %
ultrapure water, 88 % ethanol) for 30 min. After silanization, the samples were
rinsed with ethanol to remove any unbound silane molecules and dried under
a stream of N2. Coupling of the amino-reactive NHS-PEG-biotin to the amino-
functionalized glass bottom was performed based on a published protocol.23 Brieﬂy,
the amino-functionalized samples were ﬁrst incubated in borate buﬀer (50 mM, pH
8.5) for 1 hour. The samples were then dried under a stream of N2. A freshly pre-
pared solution of NHS-PEG-Biotin (50 mM in borate buﬀer; 50 μl) was pipetted
onto one sample. A second ZMW sample was placed on top to form a sandwich.
The sandwich was incubated in a water-saturated atmosphere to prevent evap-
oration. After 1 hour, the samples were rinsed with ultrapure water and dried
under a stream of N2. The biotin-functionalized ZMW samples were immediately
immersed in a solution containing the AF647-labeled Str-AP conjugate (50 pM
in activity buﬀer; 5 ml). After 1 hour of continuous shaking, the samples were
washed extensively with activity buﬀer to remove any unbound Str-AP conjugates.
The samples were kept immersed in the activity buﬀer until the measurement was
started in the confocal microscope.
Confocal microscope setup
A custom-built confocal ﬂuorescence microscope was used for the single-molecule
measurements. The microscope was based on an inverted optical microscope frame
(Axiovert 200; Zeiss) equipped with an oil-immersion objective (Zeiss Fluar, 100x,
NA = 1.3). A diode laser (640 nm, LDH-D-C-640, PicoQuant) was used for ex-
citation. The laser light was guided to the microscope through a single-mode
optical ﬁber (HP460, Thorlabs). An excitation ﬁlter (FF01-642/10-25 band-pass,
Semrock) was used for cleaning up the laser light. Fluorescence emission from
the sample was separated from reﬂections and scattered light using a dual-band
dichroic mirror (500/646-Di01-25x36, Semrock) and two long-pass ﬁlters (Edge-
basic BLP01-635R, Semrock). The signal was then guided through a 50 μm pin-
hole and focused onto an avalanche photo diode detector (SPCM-AQR-14, Perkin
Elmer). The photon counts were recorded using a Picoharp 300 time-correlated
single photon counting system (Picoquant). The signal was further routed into
the TAO (tip-assisted optics) module of a Nanowizard I atomic force microscope
(AFM; JPK Instruments) equipped with a 100 × 100 μm xy-scanner. The AFM
software was used for scanning the confocal images.
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Data-analysis
The ON-OFF assignment using change point analysis as well as the ﬂuorescence
intensity autocorrelation (FCS) analysis was performed using custom made scripts
in Mathematica and Matlab as described in the experimental section of Chapter
3.
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Single-enzyme experiments allow for studying the kinetics of enzymatic reactions
in real-time, giving access to possible temporal heterogeneities in the reaction rate.
Chapter 1 has provided an overview of the state-of-the-art at the beginning of this
work. The examples summarized clearly demonstrate that unique new insights
about enzyme catalysis can be obtained that are not accessible from ensemble
measurements where, for example, high and low activity periods are averaged
out. The examples chosen also highlight critical technological limitations, such
as the low signal-to-noise ratio (SNR) of the measurement as well as the double-
substituted nature of many ﬂuorogenic substrates. For example, obtaining rate
constants from OFF-time histograms is diﬃcult, when the ON-OFF assignment
needs to be performed on a time trace with low SNR or if one cannot be sure that
every enzymatic turnover yields a detectable signal. Clearly, many technological
improvements are required to not only improve the accuracy of single-turnover
detection but also to develop single-enzyme experiments into a more standardized
approach for studying enzyme catalysis under more biologically relevant condi-
tions.
The general aim of this thesis was to technologically push single-enzyme ex-
periments to the next level and to expand the possibilities of studying catalytic
processes at the single-molecule level. One key motivation for developing strate-
gies to overcome the above-mentioned technological limitations was the recent
discovery that dynamic disorder is most likely a data analysis artifact. This arti-
fact emerges when data with a low SNR is analyzed using the threshold method.
Change point analysis was introduced as a more accurate data analysis method;
however, it was shown that also change point analysis requires a suﬃciently high
SNR to accurate reproduce the kinetic data. With the new data analysis method at
hand, the ﬁrst goal was to re-investigate the possible interfacial activation of Can-
dida antarctica lipase B (CalB) and to prove or disprove the existence of dynamic
disorder for CalB. The second goal was to develop and test a fundamentally dif-
ferent mono-substituted substrate that uses a Fo¨rster Resonance Energy Transfer
(FRET) based readout for the enzymatic reaction. Last but not least, a zero-mode
waveguide detection scheme was implemented with the goal of improving the SNR
of the measurement, making use of the reduced size of the detection volume and
a possible ﬂuorescence enhancement in the ZMW aperture. This chapter gives an
overview of the key results and relates these results to the current state of the ﬁeld.
It further discusses directions for future research as well as possible applications.
7.1 Main results of this thesis
In the ﬁrst project (chapters 2 and 3), the possible interfacial activation of Candida
antarctica lipase B (CalB) was investigated systematically using various experi-
mental and simulation techniques. Detailed insight about the activation mecha-
nism of CalB was obtained. The results presented in chapter 2 show that CalB
is an interfacially activated enzyme and that interfacial activation depends both
on the bulkiness of the substrate and on the hydrophobicity of the interface. In
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addition, it was found that the α5 helix plays a crucial role in the observed acti-
vation. This valuable ﬁnding provides a new starting point for the optimization of
CalB for industrial applications. Single-enzyme experiments with single-turnover
resolution were subsequently performed with the goal of obtaining more detailed
insights into the activation mechanism and the possible presence of dynamic disor-
der (chapter 3). Collecting data with suﬃcient quality and statistical signiﬁcance
proved to be extremely challenging, however. Qualitatively, it could be conﬁrmed
that the probability for CalB to reside in an active conformation increased when
the enzyme was immobilized on a hydrophobic surface. No quantitative analysis
of the turnover rate was possible, however, due to the low SNR of the data. Most
likely, the substrate solution contains a high fraction of product molecules, result-
ing from the low stability of the ester-based substrates. As a consequence, the
background noise contained contributions from diﬀusing product molecules that
were frequently even detected as turnovers. Even if it would have been possible to
discriminate product diﬀusion from real enzymatic turnovers, no accurate kinetic
analysis (and reliable observation of dynamic disorder) would have been possible
because of the double-substituted nature of the ﬂuorogenic substrate ﬂuorescein
dibutyrate. Overall, these experiments with CalB highlight the bottlenecks of
the conventional confocal detection scheme as well as many of the problems of
ﬂuorescein-based ﬂuorogenic substrates. Clearly, a better SNR as well as stable,
mono-substituted ﬂuorogenic substrates are required to investigate CalB activa-
tion in more detail and to detect the possible presence of dynamic disorder.
These results for CalB again underscore the need for advanced detection schemes
and improved ﬂuorogenic substrates before more accurate single-molecule mea-
surements in more biologically relevant conditions can be performed. Many new
substrates with 1:1 stoichiometry have been developed and may ﬁnd application
for single-turnover experiments (reviewed in chapter 4). In this work, the aim
was to test a FRET-based protease substrate with 1:1 stoichiometry (chapter 5).
A speciﬁc peptide sequence was equipped with a FRET reporter system. In this
substrate design, the cleavage site is located in the center of the peptide and the
donor and acceptor ﬂuorophores are coupled at the termini (one at each termi-
nus, respectively). The application potential of a series of FRET-labeled peptide
substrates was tested for studying the kinetics of thermolysin-like protease from
Bacillus stearothermophilus (TLP-ste) at the ensemble and single-molecule level.
All tested substrates possess high a FRET eﬃciency. They are cleaved by TLP-ste
with a reasonable catalytic eﬃciency, making them highly useful tools for mea-
suring catalytic activity at the ensemble level. Considering the range of accessible
substrate concentrations in a single-enzyme experiment, however, the turnover
rates were not high enough. As FRET-labeled peptides carry one ﬂuorophore
at each terminus of the peptide, they can instead be used for investigating the
reaction mechanism in more detail, in particular the order of product release.
When considering the above attempts to improve the accuracy of single-turnover
detection, it becomes clear that new substrate designs alone cannot solve the SNR
problem. Even though the substrate is stable against autohydrolysis, the initial
purity of the substrate is a frequent problem and product molecules will always ac-
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cumulate in solution as a result of the enzymatic reaction. New detection schemes
based on nanophotonic metal structures, such as zero-mode waveguides (ZMWs)
and optical nanoantennas (reviewed in chapter 4) are promising solutions. In
chapter 6, a new detection scheme based on gold ZMW nanostructures was intro-
duced and characterized. The potential of ZMWs for single-turnover detection was
tested and a clear improvement of the SNR was observed, using freely diﬀusing
ﬂuorophores as a test system. The improved SNR was subsequently conﬁrmed in
a single-enzyme activity measurement of alkaline phosphatase hydrolyzing DDAO
phosphate. Most interestingly, it was shown that change point analysis and the
threshold method yield comparable results for the ZMW data with a SNR >8.
Tentatively it can be concluded that alkaline phosphatase does not show any dy-
namic disorder. The results further highlight the potential of ZMWs for measuring
ﬂuorophores with a relatively low brightness such as DDAO (product). Unfortu-
nately, DDAO was found to non-speciﬁcally adsorb to the enzyme located at the
bottom of the ZMW apertures, creating strong ﬂuorescence ﬂuctuations. These
non-speciﬁc events could not be discriminated from enzymatic turnovers, yielding
a large portion of false turnovers in the ON-OFF assignment.
Overall, the results presented in this thesis highlight two possible strategies
for improving the accuracy of single-enzyme experiments with single-turnover res-
olution. FRET-based substrates can become a promising alternative to the con-
ventional substrate design, as they naturally possess 1:1 stoichiometry. The use
of ZMW-based detection schemes expands the possibilities for studying more dif-
ferent enzymes at the single-molecule level. The small detection volume of ZMW
apertures does not only provide a better SNR. ZMW nanostructures can also
enhance ﬂuorescence, which is crucial for the detection of low quantum yield ﬂu-
orophores, such as DDAO. The enzyme immobilization strategy that was used to
immobilize alkaline phosphatase inside the ZMW apertures is highly ﬂexible and
can be utilized for other enzymes and catalysts as well.
This thesis shows possible new directions in the ﬁeld; however, it also highlights
several remaining issues that need to be solved if singe-molecule enzymology is to
become a more standardized approach in biochemistry. Even though enzymatic ac-
tivity was clearly detected both for CalB (chapter 3) and for alkaline phosphatase
(AP; chapter 6), no quantitative kinetic information could be obtained. For CalB,
the main problem was that product diﬀusion through the detection volume was
detected as turnovers. This is diﬃcult to avoid for ester-based substrates that are
prone to autohydrolysis. Product diﬀusion is much less of a problem in a ZMW-
based detection scheme where the smaller size of the detection volume reduces
the probability of detecting diﬀusion events. It would be interesting to investi-
gate the performance of ester-based substrates in a ZMW-based detection scheme.
When measuring AP, product diﬀusion was not a problem as phosphoesters are
intrinsically more stable.
A more signiﬁcant problem that was present in all measurements (CalB and
AP) was non-speciﬁc binding of substrate and/or product molecules to the enzyme
itself and/or to the functionalized surface. This non-speciﬁc binding caused strong
ﬂuorescence ﬂuctuations that can easily be mistaken as enzymatic activity. Even
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when performing appropriate control experiments, the real enzymatic turnovers
cannot be reliably discriminated from these non-speciﬁc events. It was therefore
not possible to determine the rate constants of the reaction, to establish kinetic
schemes or to obtain additional insight about the existence of dynamic disorder.
Considering the potential of the ZMW detection scheme, this is will surely become
possible once solutions to prevent non-speciﬁc binding have been found.
7.2 Future Perspectives
The above results conﬁrm that ﬂuorogenic substrates are a key bottleneck in single-
molecule enzymology. In general, the availability of mono-substituted substrates
now allows for assigning one ﬂuorescence burst to one turnover event. Both, for
CalB and for AP it was found, however, that substrate and especially product
molecules can non-speciﬁcally interact with the enzyme or the surface. These non-
speciﬁc binding events are transitory and appear as false turnover events in the
ﬂuorescence time traces. Product accumulation in close proximity of an enzyme
has been reported previously and it may be a more general issue.1 Especially the
results obtained for AP highlight the importance of performing control experiments
with the product to test for these non-speciﬁc events.
To obtain a more detailed understanding of the origin of these non-speciﬁc bind-
ing events, other enzymes and substrates should be tested more systematically. A
number of diﬀerent mono-substituted ﬂuorogenic substrates have been developed
(reviewed in chapter 4) and can be used for single-enzyme experiments. As most
of these substrates have a low brightness, ZMW-based detection schemes will be
required. A systematic characterization of the brightness and diﬀusion properties
of both substrate and product molecules in the ZMW apertures will be an impor-
tant starting point for implementing new single-enzyme experiments. FRET-based
substrates are an interesting alternative that could also be combined with ZMW-
based detection schemes. The photophysics of FRET donor and acceptor pairs
inside ZMW apertures has been quantiﬁed very recently.2 The implementation of
ZMW-based detection schemes is generally considered to improve the SNR. As a
direct consequence of the small detection volume, higher concentrations of impu-
rities (e.g. product molecules) can be tolerated. Considering a given purity of
the substrate, the range of experimentally accessible substrate concentrations is
increased so that measurements under substrate saturation should become possi-
ble. The results shown here suggest another crucial parameter that determines the
highest possible substrate concentration in the experiment: the solubility of the
substrate (or the product). Especially in the experiments with thermolysin-like
protease (TLP-ste) the substrate solubility was a major limitation. For the Cy5-
labeled substrate no concentrations above 5 μM could be used, while the KM value
was determined to be >10 μM. Similar problems were observed with substrates
for lipases in earlier measurements. These limitations highlight the need for new
ﬂuorophore designs with reduced hydrophobicity. Sulfonation or the attachment
of poly(ethylene glycol) chains are proven means to improve the water solubility
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of ﬂuorophores.3,4 More hydrophilic ﬂuorophores may not only allow for using
higher substrate concentrations, but eventually also reduce non-speciﬁc binding of
substrate and product molecules.
In addition to the enzyme substrates, also the aperture geometry of the ZMW
can be improved. While the most commonly used circular apertures eﬃciently
reduce the size of the detection volume, they are not optimized for enhancing
the ﬂuorescence. Intensive eﬀorts are currently invested in characterizing diﬀerent
geometries of metal nanostructures with the goal of optimizing the interaction be-
tween the ﬂuorophore and the metal structure. For example, optical nanoantennas
are a possible alternative. Overall, when developing new nanostructures, the best
nanostructure design for single-enzyme experiments should combine a reduction of
the detection volume with ﬂuorescence enhancement so that the highest possible
SNR can be obtained.
When considering the optical setup currently used for singe-turnover detection
(i.e. confocal ﬂuorescence microscopy; CFM), new technological developments
can potentially help to improve single-enzyme experiments. The key component
of CFM is the SPAD detector that provides the high time resolution required for
single-turnover detection. In contrast, wide ﬁeld-based ﬂuorescence microscopy
techniques use CCD cameras as detectors. When compared to camera-based se-
tups, SPADs only allow for single-point detection, so that only one enzyme can be
monitored at a time. The ideal measurement setup would combine the advantages
of camera-based and SPAD setups, i.e. the ability of monitoring many molecules
in parallel with a high time resolution. Strategies to increase the throughput of
single-molecule ﬂuorescence microscopy while facilitating a high time resolution
and sensitivity have been under intensive development. One promising future
development is the integration of SPADs with CMOS technology, yielding an ar-
ray of SPADs (CMOS SPAD camera).5,6 A camera-based detection scheme that
provides a high time resolution will allow for monitoring the activity of many sin-
gle enzymes simultaneously. More importantly, it will also provide information
about non-speciﬁc binding events and allow for identifying local hot spots of
non-speciﬁc adsorption.
Many strategies for improving single-turnover measurements with ﬂuorogenic
substrates are clearly possible. At the current stage it is not predictable, however,
if these improvements will ultimately allow for a more accurate detection of en-
zymatic turnovers. Also, one key limitation of ﬂuorescence-based measurements
is the artiﬁcial nature of the ﬂuorogenic substrates, which are structurally diﬀer-
ent from natural enzyme substrates. On the long term, nanoelectronic detection
schemes may develop into powerful alternatives. Driven by the desire to sequence
single DNA molecules electronically,7–10 this ﬁeld has evolved quickly and many
diﬀerent nanoelectronic detection schemes are available, such as carbon nanotube
ﬁeld eﬀect transistors (CNT-FETs)11–14 and protein nanopores.9
The detection principle of CNT-FETs is based on monitoring local charge
ﬂuctuations occurring in the close proximity of an electronically interfaced single-
walled CNT. These charge ﬂuctuations result from the enzyme that is immobilized
on the CNT, performing a catalytic reaction. An important advantage of CNT-
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FETs is that natural enzyme substrates can be used, as the CNT does not directly
sense the catalytic reaction itself. Instead, the CNT-FET detects the relocation of
charges in the enzyme structure that originate from conformational changes. This
sensing mechanism, therefore, has its own advantages and disadvantages. One the
one hand, any substrate can be used, making this detection scheme very ﬂexible.
On the other hand, only enzymes that undergo large-scale conformational changes
can be observed and it is not clear if every conformational change corresponds to
one enzymatic turnover.
Protein nanopores are another highly interesting alternative that allows for
the direct observation of individual enzymatic turnovers. In this technique, the
enzyme is coupled to the nanopore. The potential applied across the nanopore
drives product molecules through the nanopore one by one. The passing product
molecules cause current ﬂuctuations that are directly correlated with the enzy-
matic turnovers. The main prerequisite for using this detection scheme is that
a charged product molecule is formed, while the substrate molecule itself does
not carry a net charge. One may assume that these criteria are easily met for
a signiﬁcant number of diﬀerent enzymatic reactions. In summary, many new
approaches are currently under development that may allow for expanding na-
noelectronic detection schemes and for establishing these detection schemes as a
powerful alternative to ﬂuorescence detection.
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Summary
Single-molecule ﬂuorescence techniques have developed into powerful tools for
studying the kinetics of biological reactions at the single-molecule level. Using ﬂu-
orogenic substrates, enzymatic reactions can be observed in real-time with single-
turnover resolution. The turnover sequence contains all kinetic information, al-
lowing the construction of kinetic schemes and giving access to reaction substeps.
Most interestingly, information about temporal ﬂuctuations in the reaction rate
can be obtained, a phenomenon called dynamic disorder. Chapter 1 introduces
the “ﬂuctuating enzyme model” that relates ﬂuctuating rate constants with confor-
mational changes. Describing the results obtained for the three enzymes Candida
antarctica lipase B (CalB), Thermomyces lanuginosus lipase (TLL) and bovine
α-chymotrypsin, an overview of the state-of-the-art is given. While initial experi-
ments have suggested that CalB and TLL possess dynamic disorder, this has not
been conﬁrmed in later experiments with TLL and α-chymotrypsin. Instead, these
experiments suggest that the observed dynamic disorder is a data analysis artifact.
From a technological point of view, extracting kinetic information requires the
accurate detection of every individual enzymatic turnover. This requires the use
of substrates with 1:1 stoichiometry, where every enzymatic turnover yields ex-
actly one ﬂuorophore. It further requires a high Signal-to-noise ratio (SNR) as
well as an objective data analysis method that allows for the unambiguous de-
tection of every ﬂuorescence burst (i.e. every turnover). The aim of this thesis
was to develop new strategies to address the above aspects and to improve and
expand the technical possibilities of single-turnover detection. For implementing
these technological improvements, the enzymes CalB, thermolysin-like protease
from Bacillus stearothermophilus (TLP-ste) and alkaline phosphatase were chosen
as model systems. These enzymes are not only good model systems from a tech-
nological point of view. More importantly, single-turnover experiments may also
provide new insights into reaction and regulation mechanisms.
InChapters 2 and 3 the focus is on investigating interfacial activation of CalB.
CalB is an important catalyst in many industrial applications. The factors regu-
lating its activity are, however, still not fully understood. Previous single-molecule
experiments with CalB have been reviewed in chapter 1 and have hinted at the
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possibility that CalB may be interfacially activated and that the hydrophobicity
of the surface might have a role in the regulation of CalB activity. Here, a system-
atic study was performed with the aim of comparing ensemble and single-molecule
data. In the single-molecule experiments, change point analysis was used to facil-
itate a more accurate turnover detection and to prove or disprove the observation
of dynamic disorder for CalB.
A combination of ensemble kinetic experiments and molecular dynamics sim-
ulation was performed for studying interfacial activation of CalB on surfaces of
diﬀerent hydrophobicity (Chapter 2). CalB displays an enhanced catalytic rate
for large, bulky substrates when adsorbed to a hydrophobic surface composed of
densely packed alkyl chains. This increased activity becomes more pronounced
when increasing the hydrophobicity of the surface. Activation originates from a
conformational change that yields a more open active site. Molecular dynamics
simulations have shown high mobility for a small lid (helix α5) close to the active
site. Molecular docking calculations conﬁrmed that a highly open conformation of
this helix is required for binding large, bulky substrates and that this conformation
is favored in a hydrophobic environment. In contrast to other lipases, however,
the conformational change only aﬀects large, bulky substrates. This leads to the
conclusion that CalB acts like an esterase for small substrates and as a lipase for
substrates with large alcohol substituents.
The corresponding single-molecule experiments of CalB are described inChap-
ter 3. The goals of the single-molecule experiments were to gain insight into in-
terfacial activation of CalB and to investigate possible dynamic disorder in more
detail. Active site titration experiments have shown that the fraction of active
enzymes does not change when the enzyme is adsorbed to surfaces of diﬀerent hy-
drophobicity. Consequently, interfacial activation must originate from increased
activity of the active fraction of enzymes. Single-turnover experiments can po-
tentially discriminate the following 3 scenarios: 1) interfacial activation increases
the duration of highly active phases; 2) active phases occur more often; 3) the
turnover rate increases while CalB resides in an active phase. Qualitatively, it
could be concluded that the probability for CalB to reside in an active conforma-
tions was increased when the enzyme was immobilized on a hydrophobic surface.
Due to the low stability and the double-substituted nature of the ﬂuorogenic sub-
strates, however, it proved to be very challenging to collect data with suﬃcient
quality and statistical signiﬁcance. Overall, no kinetic information could be ob-
tained that would have allowed to quantify the observed activation and to draw
conclusions about the absence or presence of dynamic disorder.
The results of the previous chapter highlight the most important, current bot-
tlenecks of single-turnover experiments. In Chapter 4, possible strategies for
overcoming these problems are reviewed, focusing on improved ﬂuorogenic sub-
strate designs and recent developments in nanophotonic detection schemes, such
as zero-mode waveguide (ZMW) nanoapertures and optical nanoantennas. Ad-
vances in both ﬁelds are expected to allow for the accurate detection of every
individual turnover with a high SNR. The ideal single-turnover experiment com-
bines next-generation ﬂuorogenic substrates with 1:1 stoichiometry and a reduced
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detection volume, facilitated by the nanophotonic structure. The latter ensures a
drastically improved SNR and allows for the use of higher substrate concentrations
so that single-turnover experiments can ultimately be performed under biologically
relevant conditions.
Chapter 5 describes the characterization of a series of FRET-labeled pep-
tide substrates designed for the thermolysin-like metalloprotease from Bacillus
stearothermophilus (TLP-ste). FRET-labeled substrates possess 1:1 stoichiometry
and have the potential to improve the accuracy of single turnover detection. Fur-
thermore, they possess two bright ﬂuorophores - the donor and the acceptor - that
can be excited and detected independently. In this way, donor-acceptor labeled
peptides allow for studying the reaction mechanism of the proteolytic reaction
in more detail. In particular, the dissociation of the cleaved peptide fragments
can be followed. The order of product release is an important piece of information
that will allow for the development of more speciﬁc inhibitors for metalloproteases.
The FRET eﬃciencies as well as the kinetic constants of these possible new sub-
strates were determined to characterize the inﬂuence of the peptide length and the
donor-acceptor pair on the performance of the substrate. The results show that
both the peptide length and the hydrophobicity of the ﬂuorophores are important
parameters determining the performance of FRET-labeled peptides as protease
substrates. The FRET eﬃciencies were very high and almost independent on the
length of the peptide and the ﬂuorophores used. In contrast, both parameters
have a strong eﬀect on the kinetic constants KM and kcat. One key result is that
the hydrophobicity of the ﬂuorophore contributes to binding into the active site
of TLP-ste and further determines the solubility of the peptide. Considering the
moderate catalytic eﬃciency in combination with the purity and low solubility of
the peptides, no single-turnover measurement was possible using substrate concen-
trations above the KM value. It was further not possible to ﬁnd a concentration
range that would have allowed for the detection of a statistically relevant number
of individual turnovers with a suﬃcient SNR. Instead, these new substrates may
provide a useful platform for investigating the reaction mechanism, i.e. the order
of product release, in more detail.
In Chapter 6 a new detection scheme based on zero-mode waveguide (ZMW)
nanostructures is introduced and characterized. Compared to a conventional con-
focal microscope setup, ZMW apertures provide a drastically reduced detection
volume. A well-characterized and stable enzyme, alkaline phosphatase, was used
as the model enzyme to demonstrate the potential of this new detection scheme.
Towards this goal, a universal procedure was developed to immobilize the enzyme
in the ZMW aperture and activity measurements were performed using a substrate
with 1:1 stoichiometry (DDAO phosphate). The results show that the SNR of the
measurement is high (>8), conﬁrming the expected detection volume reduction
of the ZMW aperture. The data was analyzed with change point analysis and
compared to threshold analysis. For the ﬁrst time, these two principally diﬀerent
analysis methods yielded almost identical results. While enzymatic activity was
detected inside the ZMW aperture, an accurate kinetic analysis was not possible
due to the non-speciﬁc adsorption of the product molecule DDAO. Even though
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the data obtained suggests the absence of dynamic disorder, this result still re-
quires conﬁrmation using an optimized experimental setup.
Chapter 7 summarizes the results of this thesis as well as the general status
of the ﬁeld. Future directions and applications are critically discussed. The results
presented in this thesis open up the way towards increasing the accuracy of single-
enzyme experiments with single-turnover resolution. FRET-based substrates with
1:1 stoichiometry are a promising alternative to conventional substrate designs,
provided that the catalytic eﬃciency is suﬃciently high. The urgently required
improvement of the SNR can be achieved when using ZMW nanostructures. At the
same time, the results of this thesis also reveal a number of remaining issues that
prevent a quantitative kinetic analysis. Non-speciﬁc interactions of substrate and
product molecules can be mistaken as turnover events and signiﬁcantly interfere
with the detection of enzymatic turnovers. This problem needs to be overcome if
single-molecule enzymology with ﬂuorogenic substrates is to become a more stan-
dardized approach in biochemistry. Ultimately, the focus may have to be shifted
to other detection techniques such as carbon nanotube ﬁeld eﬀect transistors and
protein nanopores, which have been rapidly developing in recent years.
In summary, the work presented in this thesis contributes crucial technological
advances to the ﬁeld of single-molecule enzymology that will ultimately allow
to technologically push single-enzyme experiments to the next level. It further
highlights current limitations that need to be overcome when designing future
experiments, with the ultimate goal of fundamentally understanding the dynamic
behavior of enzymes.
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Fluorescentie technieken voor het bestuderen van individuele moleculen hebben
zich ontwikkeld tot belangrijke middelen om de kinetiek van biologische reacties
op het niveau van het individuele molecuul te bestuderen. Door ﬂuorogene substra-
ten te gebruiken kunnen enzymatische reacties geobserveerd worden in real-time
met enkelvoudige turnover resolutie. De omzettings volgorde bevat alle kinetische
informatie, waardoor kinetische routes geconstrueerd kunnen worden en de moge-
lijkheid wordt gecree¨erd reactie substappen te visualiseren. Het meest interessant
is dat er informatie over tijdelijke ﬂuctuaties in de reactiesnelheid verkregen wordt.
Dit fenomeen wordt dynamische wanorde genoemd. In Hoofdstuk 1 wordt het
“ﬂuctuerende enzymen model” ge¨ıntroduceerd. Met dit model worden verbanden
gelegd tussen constanten in de ﬂuctuatie snelheid en conformationele veranderin-
gen. Door de resultaten verkregen van de drie enzymen Candida antarctica lipase
B (CalB), Thermomyces lanuginosus lipase (TLL) en bovine α-chymotrypsin, te
beschrijven wordt een huidige stand van zaken weergegeven. Terwijl uit oorspron-
kelijke experimenten de suggestie kwam dat CalB en TLL een dynamische wanorde
bevatten, is in latere experimenten met TLL en α-chymotrypsin dit niet bevestigd.
In plaats daarvan werd hier de suggestie gewekt dat de geobserveerde dynamische
wanorde eigenlijk een artifact van de data analyse is.
Uit technologisch oogpunt is voor het extraheren van kinetische informatie de
accurate opsporing van de individuele enzymatische turnovers nodig. Hiervoor is
het gebruik van substraten met een 1:1 stoichiometrie nodig met een enzymati-
sche turnover van exact een ﬂuorofoor. Ook is er zowel een hoge signaal-ruis ratio
(SNR) als een objectieve methode voor data analyse nodig om te zorgen voor een
eenduidige detectie van iedere ﬂuorescentie uitbarsting (iedere turnover). Het doel
van dit proefschrift was om nieuwe strategiee¨n te ontwikkelen om bovenstaande
aspecten te adresseren en om de technische mogelijkheden voor de opsporing van
individuele turnovers te verbeteren en uit te breiden. Om deze technologische
verbeteringen te kunnen implementeren werden de enzymen CalB, thermolysine
van Bacillus stearothermophilus (TLP-ste) en alkaline fosfaten gekozen als mo-
del systemen. Deze enzymen zijn niet alleen vanuit een technologisch oogpunt
goede model systemen. Belangrijker is dat enkelvoudige turnover experimenten
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ook nieuwe inzichten zouden kunnen geven in de reactie- en regulatiemechanismen
van deze enzymen.
In de Hoofdstukken 2 en 3 ligt de focus op het onderzoek naar de grens-
vlakactivering van CalB. CalB is een belangrijke katalysator bij vele industri¨ıle
toepassingen. De factoren die de activiteit reguleren zijn echter nog steeds niet
volledig bekend. Eerdere experimenten op individuel molecuul niveau met CalB
zijn besproken in hoofdstuk 1 en hinten naar de mogelijkheid dat CalB op het
grensvlak wordt geactiveerd en dat de hydrofobiciteit van het oppervlakte een rol
speelt in de regulatie van de CalB activiteit. Hier werd een systematisch onderzoek
uitgevoerd met als doel het vergelijken van de ensemble metingen en de metingen
op individueel molecuul niveau. In de experimenten met individuele moleculen
werd wisselpuntanalyse gebruikt om turnovers accurater op te sporen, en om de
vondst van dynamische wanorde in CalB te bewijzen of te weerlegen.
Een combinatie van kinetische experimenten en simulatie van moleculaire dy-
namiek werd gebruikt om de grensvlakactivering van CalB aan oppervlakten van
verschillende hydrofobiciteit te bestuderen (Hoofdstuk 2). CalB laat een ver-
hoogde katalytische snelheid zien bij grote, volumineuze substraten wanneer deze
geadsorbeerd worden op een hydrofobische oppervlakte bestaand uit dichtgepakte
alkylketens. Deze toename in activiteit wordt nog meer benadrukt wanneer de hy-
drofobiciteit van het oppervlakte verhoogd wordt. De toename in activiteit komt
voort uit een conformationele verandering, die een meer open en actiever centrum
bevat. Moleculaire dynamiek simulaties laten grote beweeglijkheid zien voor een
klein deksel (helix α5) dicht bij het active centrum. Moleculaire docking bereke-
ningen bevestigen dat een heel open conformatie van deze helix nodig is om grote,
volumineuze substraten te binden en dat deze conformatie wordt bereikt in een hy-
drofobische omgeving. Daarentegen, in tegenstelling tot andere lipasen wordt deze
conformationele verandering alleen bereikt in grote, volumineuze substraten. Dit
leidt tot de conclusie dat CalB zich als een esterase gedraagt voor kleine substraten
en als een lipase voor substraten met grote alcohol substituanten.
De bijbehorende experimenten met individuele moleculen van CalB zijn be-
schreven in Hoofdstuk 3. De doelen van de experimenten met individuele mo-
leculen waren om inzicht te krijgen in de grensvlakactivering van CalB en om
de mogelijke dynamische wanorde in meer detail te onderzoeken. Experimenten
met actieve centrum titratie laten zien dat de fractie van actieve enzymen niet
verandert wanneer een enzym geadsorbeerd is op oppervlakten van verschillende
hydrofobiciteit. Als gevolg hiervan moet grensvlakactivering altijd plaatsvinden
door toenemende activiteit van de actieve fractie van enzymen. Individuele tur-
nover experimenten kunnen potentieel de volgende drie scenario’s opleveren: 1)
grensvlakactivering verhoogd de duur van de fases met een hoge activiteit; 2) ac-
tieve fases komen vaker voor; 3) de turnover ratio verhoogd terwijl CalB zich in
een actieve fase bevindt. Vanuit kwalitatief oogpunt kan worden geconcludeerd
dat de waarschijnlijkheid dat CalB zich in een actieve conformatie bevond, toe-
nam wanneer het enzym werd ge¨ımmobiliseerd op een hydrofobisch oppervlakte.
Maar door de lage stabiliteit en de dubbel gesubstitueerde aard van de ﬂuoro-
genische substraten is gebleken dat het erg uitdagend is om data met voldoende
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kwaliteit en statistische relevantie te verzamelen. Daardoor kon geen kinetische
informatie verkregen worden die de geobserveerde activering kon kwantiﬁceren en
konden er geen conclusie getrokken worden over de aanwezigheid of afwezigheid
van dynamische wanorde.
De resultaten van het vorige hoofdstuk markeren de meest belangrijke, huidige
knelpunten van experimenten met individuele turnovers. InHoofdstuk 4 worden
mogelijke strategiee¨n om deze problemen te overwinnen beoordeeld, met de focus
op verbeterde ontwerpen van ﬂuorogene substraten en recente ontwikkelingen in
nanofotonische regelingen voor detectie zoals zero-mode waveguide (ZMW) na-
noaperturen en optische nanoantennes. Vooruitgang in beide onderzoeksgebieden
wekt de verwachting dat accurate opsporing van alle individuele turnovers met een
hoge SNR mogelijk wordt. Het ideale experiment met individuele turnover com-
bineert een toekomstige generatie ﬂuorogene substraten met 1:1 stoichiometrie en
een verlaagd detectie volume, gefaciliteerd door de nanofotonische structuur. Dat
laatste zorgt voor een drastisch verbeterde SNR en voor hogere concentraties van
substraten zodat experimenten met individuele turnovers uiteindelijk uitgevoerd
kunnen worden onder biologisch relevante condities.
In Hoofdstuk 5 wordt de karakterisering van een serie FRET-gelabelde pep-
tide substraten beschreven, die ontworpen zijn voor de thermolysine metallopro-
tease van Bacillus stearothermophilus (TLP-ste). FRET-gelabelde substraten be-
vatten 1:1 stoichiometrie en hebben de potentie om de accuraatheid van individuele
turnover detectie te verbeteren. Daarnaast bevatten ze twee heldere ﬂuoroforen -
de donor en de acceptor - die onafhankelijk waargenomen en gedetecteerd kunnen
worden. Op deze manier kunnen peptides die gelabeld zijn als donor-acceptor
gebruikt worden voor meer gedetaileerd onderzoek naar de reactiemechanismen
van de proteolytische reactie. In het bijzonder kan de dissociatie van de geknipte
peptide fragmenten worden gevolgd. De volgorde van de vrijlating van producten
is een belangrijk stuk informatie die zal zorgen voor de ontwikkeling van meer
speciﬁeke remmers van metalloproteases. Zowel de FRET eﬃcie¨ntie als de kine-
tische constanten van deze mogelijke nieuwe substraten werden bepaald om de
invloed van de peptide lengte en het donor-acceptor paar op de prestaties van het
substraat te karakteriseren. De resultaten laten zien dat zowel de lengte van het
peptide als de hydrofobiciteit van de ﬂuorforen belangrijke parameters zijn om
de prestaties van de FRET-gelabelde peptides en protease substraten te bepalen.
De FRET eﬃcie¨ntie was heel hoog en bijna geheel onafhankelijk van de lengte
van het peptide en de gebruikte ﬂuoroforen. Ter contrast, allebei de parameters
hebben een sterk eﬀect op de kinetische constanten KM en kcat. Een belangrijk
resultaat is dat de hydrofobiciteit van de ﬂuorfoor bijdraagt aan de binding in het
active centrum van TLP-ste en verder de oplosbaarheid van de peptide bepaald.
De matige katalytische eﬃcintie in combinatie met de puurheid en lage oplosbaar-
heid van de peptides in ogenschouw genomen, waren metingen van individuele
turnovers met het gebruik van substraat concentraties boven de KM waarde on-
mogelijk. Het was ook niet mogelijk om een concentratiegebied te vinden die de
detectie van een statistisch relevant aantal individuele turnovers met een toerei-
kend SNR mogelijk maakte. Echter zouden deze substraten mogelijk een nuttig
Processed on: 10-11-2016
506322-L-bw-Turunen
174 Samenvatting
platform kunnen verschaﬀen voor onderzoek naar het reactiemechanisme, d.w.z.
van product vrijlating, in meer detail.
In Hoofdstuk 6 wordt een nieuw detectieschema, gebaseerd op zero-mode
waveguide (ZMW) nanostructuren, ge¨ıntroduceerd en gekarakteriseerd. Vergele-
ken met een conventionele confocale microscoopopzet bieden ZMW aperturen een
drastisch verminderd detectie volume. Een goed gekarakteriseerd en stabiel en-
zym, alkalische fosfatase, is als modelenzym gebruikt om het potentieel van dit
nieuwe detectieschema aan te tonen. Op weg naar dit doel werd een universele
procedure ontwikkeld om het enzym in de ZMW aperture te immobiliseren en
metingen naar activiteit werden uitgevoerd met een substraat met 1:1 stoichiome-
trie (DDAO fosfaat). De resultaten laten zien dat de SNR van de meting hoog is
(>8), waarmee de verwachte detectievolume vermindering van de ZMW aperture
bevestigd wordt. De data werd geanalyseerd met een wisselpuntanalyse en verge-
leken met een drempelanalyse. Voor de eerste keer hadden deze twee principieel
verschillende analysemethoden vrijwel identieke resultaten. Hoewel enzymatische
activiteit werd waargenomen in de ZMW aperture, was een accurate kinetische
analyse niet mogelijk vanwege de aspeciﬁeke adsorptie van het productmolecuul
DDAO. De verkregen data suggereert de afwezigheid van dynamische wanorde,
maar dit resultaat behoeft nog steeds bevestiging door middel van een geoptima-
liseerde experimentele opzet.
In Hoofdstuk 7 worden zowel de resultaten van dit proefschrift als de alge-
mene status van dit vakgebied samengevat. Richtingen en toepassingen voor de
toekomst worden kritisch bekeken. De resultaten, zoals in dit proefschrift gepresen-
teerd, openen de weg naar een toename in de accuraatheid van experimenten met
individuele enzymen met een individuele turnover resolutie. Op FRET gebaseerde
substraten met 1:1 stoichiometrie zijn een veelbelovend alternatief voor conventi-
onele substraten, omdat de katalytische eﬃcie¨ntie hoog genoeg is. De dringend
vereiste verbetering van de SNR kan bereikt worden wanneer ZMW nanostruc-
turen gebruikt worden. Tegelijkertijd laten de resultaten van dit proefschrift ook
een aantal andere zaken zien die een kwantitatieve kinetische analyse voorkomen.
Niet speciﬁeke interacties tussen substraten en product moleculen kunnen verward
worden met gevallen van turnovers en daardoor signiﬁcant interfereren met de de-
tectie van enzymatische turnovers. Dit probleem moet overkomen worden als de
enzymologie van individuele moleculen met ﬂuorogene substraten een meer stan-
daard benadering wil worden in de biochemie. Uiteindelijk zal de focus misschien
verplaatst moeten worden naar andere detectietechnieken, zoals “carbon nanotube
ﬁeld eﬀect transistors” en prote¨ıne nanoporie¨n, die zich snel ontwikkeld hebben in
de afgelopen jaren.
Samengevat draagt het werk, zoals gepresenteerd in dit proefschrift, bij aan de
cruciale technologische vooruitgang in het veld van de enzymologie van individuele
moleculen die uiteindelijk zal zorgen voor een technologische stap naar een hoger
niveau van experimenten met individuele enzymen. Ook belicht het de huidige
beperkingen die overwonnen moeten worden bij het ontwerpen van toekomstige
experimenten, met als het ultieme doel om het dynamische gedrag van enzymen
fundamenteel te kunnen begrijpen.
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